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Introduction 


What are these calories ? Can they be taken in tablet form, or 
do we have to mix them with our food? Neither! Calorics 
are heat units. They come already mixed with the food. 
They constitute its energy content. We cannot live without 
them. Although too many of them may not be good for those 
who wish to remain slender, or even for those who wish to 
remain healthy, a sufficient number of them we must have, for 
without them we die. Every animal, every plant, everything 
that lives is looking for calories. But not only the living world, 
the non-living must also have its quota. Everything that hap- 
pens is due to the flow and transformation of energy. Without 
its calories in the right places, and in the right numbers, the 
universe itself dies. 

The gods did well to bind Prometheus to the rocks when he 
stole fire from heaven, for by this act he enabled men themselves 
to become like gods and to rule the elements. Control fire, and 
you control everything. The discovery of fire was indeed the 
greatest achievement of primitive man, the one thing that more 
than any other lifted him from the level of the beast, and gave 
him dominion over the earth. Heat is his most powerful and 
obedient servant. It cooks his food, warms his dwelling, moves 
his machinery, arid performs a myriad of useful services for 
him. 

Heat has a profound effect upon the states and conditions of 
matter. 17 . ery property of matter is altered by a change in 
temperature — the density, pressure, hardness, strength, elec- 
trical conductivity, in short everything that one can mention. 
Whatever happens in this physical world of ours, one has always 
to reckon with the temperature or the quantity of heat involved. 

Some of these effects of heat, and some of its ways that can be 
helpful to man, are described in the following pages. 
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I 

The Temperature 
Sense 


There is^a very old and simple experiment described by John 
Locke in 1690 in his Essay Concerning Human Understanding , and 
it was doubtless old even then. 

Let the two hands be immersed, one in a basin of hot water, 
the other in a basin of cold water. Then after a time plunge 
both hands into ^a bath of intermediate temperature. The 
water will' seem- ‘cold to the one hand and hot to the other. 
What is the explanation? Says Locke: 1 “If the sensation of 
heat and cold be nothing but the increase or diminution of the 
motion of the minute parts of our bodies, caused by the cor- 
puscles of any other body, it is easy to be understood, that if 
that motion be greater in one hand than in the other, if a body 
be applied to the two hands, which has in its minute particles a 
greater motion than in those of one of the hands, and a less than 
in those of the other, it will increase the motion of the one hand 
and lessen it in the other, and so cause the different sensations 
of heat and cold that depend thereon.” 

Even at that carlv date Locke conceived of heat as a motion 
of the minutest particles of bodies. In this he was much ahead 
of his times, for this view was not definitely adopted by science 
until a hundred and fifty years later. Yet his explanation could 
not have been more perfect had it been written yesterday. 

Accoiding to this theory then, a body seems hot when heat is 
conveyed to the hand, and cold when heat is conveyed away 
from the hand. The temperature of the human body thus 
forms the dividing line between what we call hot, and what we 
call cold, and the position of this line is variable. The distinc- 
tion cannot therefore be an objective one. Outside of our 
1 Book II, Chapter VIII, § 21. 
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subjective impressions, there are no cold bodies. All bodies arc 
hot, and their degrees of hotness are measured up from some 
absolute zero of complete heat absence, which lies far below the 
temperature of the human body. 

Another old experiment is this: If wc touch successively 
hotter and hotter bodies, the sensation of heat increases for a 
time, but soon becomes painful. When the bodies arc very 
hot, wc cannot distinguish their temperature dilferences at all, 
but receive only the stinging sensation of a burn. Similarly if 
we touch successively colder bodies, the sensation of cold 
increases up to a certain point, and then becomes painful. An 
extremely cold body produce s a burn just like a hot one, and to 
the touch is indistinguishable from it. This fact was mentioned 
by Francis Bacon in his Novum Organum in 1620. 

In sensation, then, there is a maximum of hotness and a 
maximum of coldness. Wc speak of things being boiling hot 
or ice cold, as though nothing could be hotter or colder. That 



I- If;. I— WEHfcR'S I.AVV FOR SENSATION 

these expressions were not always mere figures of speech was 
made evident to the writer by a little experience he had while a 
student in Germany. He was discussing high temperatures 
with a friend, and the landlady of his boarding house happened 
to be listening in. As the temperatures rose higher and higher, 
she grew more and more restive until at hast, when it was men- 
tioned that the melting point of platinum was 1700 degrees 
centigrade, she burst out with “Ugh! There aren’t so many 
degrees.” “How many do you think there are?” wc asked. 
“At most, two hundred,” she replied. Doubtless even at that 
she was stretching a point, for water boils on the centigrade 
scale at 100 degrees. 

Modern psychologists have reduced the relation between 
sensation and stimulus to mathematical law. They find that, 
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as the stimulus is successively doubled, the sensation increases 
only additively. This is known as Weber’s law. If we plot the 
stimuli horizontally, and the corresponding sensations ver- 
tically, we obtain the curve of Figure i. The power of 
discrimination at any point is represented by the steepness of the 
curve, for when the curve is steep, it means that a small yicrease 
in stimulus will produce a large increase in sensation, and will 
therefore be the more perceptible. Now the curve is steepest 
at the beginning, and becomes less and less steep as we ascend. 
Hence the power of discrimination is greatest for the smallest 
stimulus, and diminishes as the stimulus increases. Note also 
that the curve does not start quite at the left-hand corner of the 
diagram, but a little to the right of this point. That means 
that the stimulus must reach a certain value before any sensa- 
tion is felt at all. This value is called the threshold. Our 
sensations are therefore by no means proportional to the 
stimuli that produce them. They have limited and variable 
discrimination, and a limited range. 

Our temperature sense being thus unreliable, and at times 
even contradictory, we naturally turn to something else, to some 
instrument that shall be exempt from human weaknesses. But 
every instrument that we can devise possesses these same defects, 
though in less degree. For example, if a mercury thermometer 
is first highly heated and then greatly cooled before being 
plunged into a bath of intermediate temperature, it will not on 
the two occasions register the same temperature. Beyond the 
boiling and freezing points of mercury, the instrument will not 
register any further temperatures at all. It has a limited range. 
A certain difference in temperature must exist before the instru- 
ment will respond. It has a threshold. It has limited dis- 
crimination or sensitivity. Finally, who can say if its readings 
are proportional to the temperature, and if not, what law they 
follow ? What are true temperatures, and how are we to know 
them if our senses fail and every instrument is doubtful ? That 
is a big problem. 

Once while the author was staying at a primitive village, he 
sent for a nurse of the village to attend one of his children who 
was ill. The nurse put her hand on the child’s forehead to see 
if there was fever. The author proffered a clinical ther- 
mometer. It was spurned. The nurse said she could tell how 
hot a patient was “without no thermomiker.” Who, indeed, 
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could tell if the “thermomiker” were right? We rely upon the 
maker. But how does he know? We take it to a laboratory 
to have it tested, and there it is compared with a big ther- 
mometer, which we are told is “standard.” But how does the 
physicist know that his “standard” is right? Perhaps he ad- 
mits it is a little bit wrong. But then, he has a table of correc- 
tions. Where did that come from? Very likely he will tell 
us that he made it himself. Did he then compare his ther- 
mometer With some other still more “standard”? No, he 
never went out of his laboratory. He only examined his own 
instrument and made out his own corrections. At this point 
we hand him a dollar bill for his services, and remark: “We 
know this bill is good because we made it ourselves.” 

Now how did the physicist know that his thermometer was a 
little bit wrong? Certainly he didn’t feel of it like the nurse- 
maid to see how hot it was? Yet what does he know about 
temperature, other than what his senses reveal or some instru- 
ment indicates? How does any one know what a temperature 
is, better than a thermometer ? How can any one tell what the 
thermometer ought to read when it doesn’t read what it ought 
to? 

The answer is that we make assumptions. They are not 
made up out of whole cloth to Be sure; they are reasonable 
assumptions; they arc guided by experience as far as that is 
possible ; but, nevertheless, they go beyond experience. Science 
always does this, and, indeed, could not get very far if she 
didn’t. 

Bodies expand when heated. The gross fact can be ascer- 
tained with no better temperature indicators than our fingers. 
Suppose, for example, wc dip a tube of small bore, with a bulb 
blown on one end and filled with mercury, into a water bath 
that is decidedly cold to the touch. We make a scratch on the 
tube at the level where the mercury stands. Now we transfer 
the tube to a bath that is decidedly hot to the touch, and note 
that the mercury stands at a higher level. It has expanded. 
Let us mark the new level. Now suppose that we measure the 
distance between the two marks with any convenient scale, say, 
a millimeter scale, and find that the distance is fifty milli- 
meters. Never mind how large a millimeter is. It doesn’t 
matter in the least. Now let us dip our instrument into two 
other baths, and suppose that in one of them the mercury 
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stands one millimeter higher than in the other. We see that 
the mercury has expanded, but we perceive no difference in tempera- 
ture. We very naturally assume that there is a difference in 
temperature even though we cannot feel it, and say that it is 
below the power of discrimination of our senses. This is a very 
reasonable assumption, but it is an assumption none the less. If 
it is a fact, then we have already in this crude instrument a 
means of sharpening the senses. It can indicate temperature 
differences which are less than we can perceive. Or, rather, 
we have translated our rather dull tactile sensations into the 
much sharper visual ones. 

Shall we make a further assumption ? Shall we assume that 
the rise in temperature that produced an expansion of one 
millimeter is just one-fiftieth of the rise in temperature that 
produced an expansion of fifty millimeters ? In short, shall we 
assume that the expansion of mercury is in exact proportion to 
the rise in temperature ? That would be extremely convenient 
if true, for it would enable us accurately to measure and com- 
pare different temperature changes. But how can we test the 
assumption if our senses are too dull, and we have as yet no 
instruments? We cannot test it directly; but indirectly wc can 
get a rough idea of how much it may be in error, and if the 
probable error is not too great, the assumption may be adopted 
as a good enough approximation, at least until a better can be 
found. This, in fact, is what we do. 

Let us examine the expansions of other liquids, water itself, 
alcohol, etc., in exactly the same way wc did that of mercury. 
We make a little tube for each, pul them all in the same cold 
bath, then in the same hot bath, and mark the positions of the 
liquids in each case. We now put them all in a bath for which 
the mercury height stands at twenty-five millimeters. Will all 
the others stand at exactly their halfway marks? Very nearly, 
but not quite. In the same way we may test the quarter, the 
three-qu ’ ter, and other marks, and shall again find near 
agreements. We may therefore conclude that, while perhaps 
none of these liquids expands in exact proportion to the tem- 
perature, none departs far from it. The assumption of propor- 
tionality cannot be far from the truth. 

And so this convenient assumption is made, and ther- 
mometers are constructed in much the way we have described. 
Even with the crude instrument we ha\c discussed, one can 
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discover, and, indeed, it was early discovered with instruments 
but little less crude, that ice always melts at the same tem- 
perature, and that water under a pressure of one atmosphere 
always boils at the same temperature. So the thermometer 
maker plunges his yet ungraduated instrument into a mixture of 
melting ice and water, and marks on the stem the point at which 
the mercury stands. He then suspends it in the steam just over 
boiling w.ater and marks the point to which the mercury then 
rises. The difference in temperature between the freezing and 
the boiling points of water thus provides a natural temperature 
interval, which is always the same, and always reproducible. 
This standard interval, as marked on his thermometer, can 
now be subdivided in any convenient way. If he is making a 
centigrade thermometer, he will mark the lower point, o degree, 
and the upper one ioo degrees. Then he will place the ther- 
mometer in a dividing engine and accurately divide the distance 
between these two marks into one hundred equal parts. If the 
thermometer is to register above or below these marks, he will 
add further divisions of the same size above or below them. If In- 
is making a Fahrenheit thermometer, he will label the freezing 
point 32 degrees, and the boiling point 2 1 2 degrees, and divide 
the distance between into one hundred and eighty equal parts, 
continuing the same graduations above and below if required. 

It should be noted that by this mode of construction a further 
assumption is made, namely, that the expansion of mercury 
in a glass tube is strictly proportional to the rise in temperature. 
The glass expands as well as the mercury, only less so, and what 
the instrument really shows is the difference between these two 
expansions. If different kinds of glass do not expand equally, 
then thermometers made of different kinds of glass will show 
variations. In fact they do; but the variations are very slight. 
From the manner of their construction, it is evident that all 
these thermometers will agree at the ice and steam points. 
The disagreements will occur elsewhere on the scale. 

If a substance other than mercury is used in a thermometer, 
the procedure is exactly the same, as though the expansion of 
this substance in a glass tube were also uniform. Each sub- 
stance is said to give a particular thermometric scale, and these 
differ somewhat among themselves. From among them we 
select the mercury in glass scale, and decree that it shall be right. 
We do this, not because we know that it is right and the others 
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wrong — they arc probably all wrong —but because for many 
reasons mercury is the most convenient substance to use. 
Hence the mercury thermometer is right, not because it'shows 
true temperatures, but because we have virtually defined tem- 
perature to be what such a thermometer shows. It is like the 
Professor’s wonderful watch, described by Lewis Carroll in his 
story of Sylvie and Bruno. The watch was always right, not 
because it went according to the time, but because rime went 
according to the watch. If you turned the hands forward, you 
jumped into the future. If you turned them back, you slipped 
into the past. And if you pulled out the wonderful reversing 
peg, everything went baekwards. It certainly would be sur- 
prising to see everything going backwards, as Lewis Carroll and 
so many others have described it; to see, for example, the drop- 
lets of water sprinkled all over the lawn gather themselves 
together and shoot back into the hose nozzle. But we would 
not see it. The rays of light that had entered the eye and 
rendered objects visible, would now leave the eye and return to 
the objects. All the light in the world would gather itself up 
and return to the sun. The stars would likewise pull in their 
rays and leave the universe in utter darkness. 

And how does the physicist correct his thermometer? He 
simply makes an investigation to determine whether it has been 
properly constructed and marked. He puts it again in the 
melting ice and water, and again in the steam over boiling 
water, and sees if these points have been correctly marked. 
If not, he notes the errors and calculates the resulting correc- 
tions lor each point of the scale. Then he tests whether the 
bore of the tube is uniform. If not, he again makes corrections 
for each point of the scale for the variations he finds. Then he 
sums up all his corrections and makes a table. It is very simple. 
He does not have to go out of his laboratory. He can even 
make his 'v.vn thermometer, and if done properly according to 
the ruh's, it will be right. 

When a liquid is used as a thermometric substance, the instru- 
ment is necessarily limited to the range of temperatures between 
the freezing and boiling points of the liquid. Indeed, only a 
part of this range can be used, for as either limit is approached, 
the expansion becomes markedly irregular, as shown by com- 
parison with thermometers using other substances. Of all 
liquids, however, mercury is the best in this regard, for it 
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freezes at —38 degrees and boils at 674 degrees Fahrenheit, 
having thus a maximum range of 712 degrees, a good part of 
which can be used. 

A gas can also be used as a thcrmomclric substance, and has 
the advantage of a much greater range of temperature. Air, 
for example, liquefies at — 300 degrees Fahrenheit, while the 
upper limit of such a thermometer is set only by the melting or 
softening'point of the material of which the bulb is made. The 
scale is determined in the same way as with liquids. The 
volume or the pressure of the gas is measured at the freezing 
and boiling points of water, and the interval between is divided 
into one hundred or one hundred and eighty equal divisions. 
The temperature is then read olf on this scale in the usual way. 
The various gas scales were found to agree among themselves 
better than the liquid scales did. Hence, they were deemed 
better scales, and the hydrogen or nitrogen scales were made 
standard in place of the mercury. 

Thus we came to have several thermomctric scales, all of 
them based on doubtful assumptions, probably none of them 
exactly true, but some apparently better than others. No one 
knew as yet what temperature was in a physical objective sense, 
nor how it could be determined other than by its effect on some 
material substance. And whether that effect wen* strictly 
proportional or not, there was no means of ascertaining. 

The establishment of the mechanical theory of heat, in 1845, 
at last made possible a physical conception of temperature. 
According to this theory the temperature of a body is pro- 
portional to the average kinetic energy of its moving molecules. 
But no one knew at first how to translate this idea into ther- 
mometer degrees. 'The task was finally accomplished by 
William Thomson (Lord Kelvin) in 1852. He then established 
what he called the thermodynamic scale of temperature. The 
degrees of this scale, being determined solely by mechanical 
units, are independent of the effects of temperature upon any 
material substance. In fact, by means of it we can determine 
how far these effects deviate from true proportionality. Thus, 
Thomson and his coworkcr, Tail, drew up tables of corrections 
for the other scales, by which they could all be reduced to the 
thermodynamic. The corrections amounted only to hun- 
dredths of a degree for the hydrogen scale and to tenths for the 
mercury, over the ranges for which these scales are ordinarily 
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used. Hence they turned out to be rather better than what 
might have been expected frofn the way they were made. For 
nearly all purposes, even scientific ones, they are still quitfc good 
enough. And liquid and gas thermometers are still made in 
the way described above, corrections being applied only for the 
most accurate work. For everyday use, temperature still is, 
what for most people it has always been, simply what the 
mercury thermometer says. 



II 

The Expansion 
of bodies 


That bodies in general expand when heated and contract when 
cooled is well known. Probably every one has at some time 
removed a glass stopper that had become wedged in the neck 
of a bottle, by heating the neck, or has performed some similar 
operation, in which advantage is taken of thermal expansion. 
If one tightly corks a thermos bottle immediately after the latter 
has been filled with a hot liquid, he is apt to find after several 
hours, when the liquid has cooled and contracted, that the 
cork has been drawn in so tightly that it is very difficult to 
remove. On the other hand, if lie puts the cork in lightly when 
the bottle is filled with a cold liquid, he will find after some time, 
that the expansion of the contents has loosened the cork, and, if 
the bottle has lain on its side, the contents may have spilled. 
Hence, when the liquid is hot, the cork should be put in lightly; 
and when it is cold, the cork should be put in tightly. 

The expansion of a gas when heated is far greater than that of 
any other body, and was the first to be observed. Hero of 
Alexandria in the first century a.d. heated a flask full of air, 
then scaled it and allowed it to cool. When the seal was 
broken, air was sucked in. By first inverting the cooled flask 
and dipping its neck under water, when the seal was then 
broken, water was sucked in. In this way Hero was able to 
measure the contraction; but he had no way of determining the 
temperatures. We now know that when air is heated from the 
freezing to the boiling point of water, its volume increases by 
about one third. All gases show similarly large expansions. 

Hero applied the expansion of air to the production of various 
mechanical wonders and temple tricks. His most noted 
achievement of the sort was to cause the doors of a temple to 

1 1 
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open mysteriously when a fire was built upon the altar. His 
apparatus, concealed beneath the pavement, is shown in 
Figure 2. The altar was hollow, and when a fire was built 
upon it, the air in this space expanded and passed down into a 
flask below, that was partly filled with water. Some of the 
water was thus forced out through a bent tube into a suspended 
bucket, which, thus weighted, pulled open the doors of the 
temple in the manner shown. When the fire was extinguished, 
the air in the flask cooled and contracted, and the water was 
sucked back into it. The bucket being thus lightened, the 
doors were pulled shut by a counterweight attached to the ropes 
that disappear in the drawing under the floor of the temple. 



FIG. 2- HERO’S TEMPLE TRICK 

GaliV j Galilei appears to have been among the first to 
suggest that the expansion of a body could be used to indicate 
changes in temperature, and that air, on account of its con- 
siderable expansion, was very suitable for this purpose. In 
1592 lie made the world’s first thermometer. It was an air 
thermometer. His simple device is shown in Figure 3. It con- 
sisted of a bulb having a long narrow stem projecting down- 
ward into a dish of mercury. Before dipping the stem into the 
mercury, the air in the bulb was slightly heated, so that, on 
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cooling, mercury was drawn part way up the stem. There- 
after, variations in the surrounding temperature produced 
variations in the height of the mercury column. In this upside 
down thermometer, what we call low temperatures thus read 
high, and high ones low; so that, had this form of instrument 
persisted, our ideas of high and low as applied to temperatures 
might have been reversed. 

In this instrument, the air, of course, not the mercury, was 
the thermometric substance. The mercury served merely as 
an index to show changes in the volume of the air in the bulb. 
On account of the open dish, changes in the volume of the 
mercury produced little effect. The readings were affected, 




FIG. 3— GALILKO'S AIR THERMOMETER 


however, by changes of atmospheric pressure, so that readings 
taken on diffeient days were not comparable. But the exist- 
ence of this pressure and its variations were not then known. 
The barometer was yet to be invented by Galileo’s pupil 
Torricelli. 

This thermometer had no graduations. The mercury height 
was simply measured by applying a scale. Hence the instru- 
ment could scarcely have had any other use than to detect 
changes in temperature smaller than the senses could perceive. 

Otto von Guericke, the inventor of the air pump, constructed 
a huge thermometer of this type. Figure 4 is reproduced from 
his Experimenta Magdeburgica, written in 1672. The great globe 
at the top was the thermometer bulb filled with air. Instead of 
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mercury, alcohol was used as an index substance, and was con- 
tained in a U-tube, as shown in the left-hand view of the instru- 
ment from which the scale cover has been removed. A little 
float rode on the surface of the liquid in the open arm of the 
U-tube, the other arm of which connected with the air bulb. 



KlCI. 4 OTTO VON GUERICKE'S THERMOMETER 

From the float a coid passed up over a pulley, and at the other 
end was suspended a little angel, by whose movements up and 
down the changes in temperature were indicated. This ther- 
momct-'i had a scale of a sort, as the right-hand view shows. 
The divisions, rather large, were not numbered, but were pro- 
vided with various names, ranging from “greatest heat” tc 
“greatest cold.” Von Guericke’s directions for setting the scale 
arc interesting. One was to select an evening in, the autumn 
just before the harvest, when the temperature was medium, and 
then draw air out of the globe, by means of a stopcock provided 
for that purpose, until the angel hung at the middle of the scale 
which is marked “temperate heat.” Some of our household 
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thermometers to-day are still marked with temperate heat, 
summer heat, blood heat, etc., cn addition to the numbered 
scale, for the benefit, perhaps, of those whose thermometry has 
not advanced much beyond that of von Guericke. 

One may ask what the use of this huge instrument could be, 
which “only told whether it was very hot, or moderately hot, 
etc., in the judgment of whoever set the scale. Von Guericke 
tells us enthusiastically. By means of it, he says, one can keep 
track of the temperature of every day in the year, and actually 
tell which was the hottest and which was the coldest day. One 
can tell whether this winter is colder or warmer than last winter, 
and in the course of time, I suppose, could decide the perennial 
question as to whether our present winters are 
not what they used to be twenty years ago. 
That would indeed be useful. But all the re- 
sources of the weather bureau seem unable to 
accomplish it even to-day. 

Galileo observed, also, the expansion of 
liquids, which is much less than that of gases. 
Alcohol expands one-third as much as air; 
water, at 70 degrees Fahrenheit, one twenty- 
fifth as much as air. The others fall in between. 
Galileo also suggested the expansion of alcohol 
as a temperature indicator, and around 1640 
spirit thermometers much like our present 
instruments began to appear. The most 
used instrument of this type was the famous 
“ Florentine Thermometer, ” illustrated in 
Figure 5. In making it, the bulb was filled with alcohol and 
heated until the stem was completely filled. The top was then 
sealed off. On cooling, the liquid descended, leaving a vacuum 
above it, except for the vapor of the liquid. Being thus her- 
metically sealed, these instruments were not affected by changes 
in the atmospheric pressure. Being small and light, they were 
transportable, and could be inserted into small places or into 
liquids whose temperature it was desired to measure. The 
divisions were marked by enamel beads fused onto the stem, 
and represented thousandths of the volume of the bulb. The 
user was thus left to interpret for himself the meaning of the 
readings as regards temperature. These instruments con- 
tinued in use for about a century. 
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One disadvantage of alcohol as a thermometric substance is 
that it wets the tube. Consequently, when such an instrument 
is quickly cooled, the liquid adhering to the walls continues to 
drain down for some time. In 1693 Halley suggested that 
mercury be used, and such thermometers were soon made. 
Although the expansion of mercury is about one-sixth that of 
alcohol, the fact that it docs not wet the glass makes possible the 
use of much smaller tubes, and this offsets the lesser expansion. 
The finer the bore, and the larger the bulb, the more sensitive 
the thermometer. A given change in volume of the mercury 
will then produce a greater change in the length of the mercury 
thread. 

All the early thermometers suffered from the defect that they 
had no common easily reproducible scale. Different ther- 
mometers read the same temperature differently, just as different 
radio dials to-day read the same wave length differently. All 
comparisons of temperature had to be made with the same 
instrument. Nevertheless, with these thermometers some 
important discoveries were made — among others, that liquids 
have fixed boiling arid freezing points, so that the readings of 
different thermometers could be compared by observing where 
these boiling and freezing points occurred on their scales. In 
1665 Boyle suggested that all temperatures be measured up 
from the freezing point of water. In 1693 Halley suggested 
they be measured down from the boiling point. Either of these 
suggestions, however, still leaves the size of the degree undeter- 
mined. In order to establish a common unit of temperature 
difference that will be independent of the make of thermometer, 
it is necessary to select two naturally fixed points, and make the 
unvarying interval between them the yardstick of temperature 
measurement. The interval can then be subdivided in any 
convenient fashion. 

The fi'st to embody this principle in the construction of a 
thermometer was Fahrenheit in 1724. He used for his lower 
fixed point a mixture of water, ice, and sal ammoniac, which 
gave the lowest then-known artificial temperature. This he 
took as the zero of his scale. For the upper fixed temperature, 
he used the boiling point of water, which he called 2 1 2 degrees. 
The distance between the two marks on his thermometer stem, 
he divided into 212 equal parts, thus producing the prototype 
of the instrument so much used to-day. 
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It was soon found, however, that the sal ammoniac mixture 
did not give a reliably fixed terpperature. In 1 730 dc Reau- 
mur substituted the freezing point of w r ater for the lower 
fixed temperature, and retaining the boiling point for the upper 
one marked them o degree and 80 degrees, respectively, with 
eighty ^qual divisions between. This scale is still much used in 
Continental Europe. In 1 742 Celsius devised a scale in which 
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FIG. 6 — COMPARISON OF TI I ER MOMhTKR SCALES 


he used the same fixed points, but labeled them o degree and 
100 degrees, respectively, with one hundred equal divisions 
between. This is the centigrade scale, now used in scientific 
work throughout the world. The Fahrenheit scale is now also 
fixed by the freezing and boiling points of water. But the lower 
point is marked 32 degrees, and the interval between it and the 
boiling point is divided into one hundred and eighty equal 
parts, as explained in the preceding chapter. 

The relations between these three scales arc shown in Figure 
6. Since between the freezing and boiling points of water there 
are 180 Fahrenheit, 100 centigrade, and 80 Reaumur degrees, 
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the Fahrenheit degree is five-ninths of the centigrade, and four- 
ninths of the Reaumur degree. To reduce centigrade or 
Reaumur temperatures to Fahrenheit, then, we must divide by 
5 or 4 respectively and multiply by 9. Then since the Fahren- 
height zero is 32 degrees below the zeros of the other scales, 
we must add 32 degrees to the result. For the converse con- 
version, we must first subtract 32 degrees, then divide by 9, 
and multiply by 5 or 4. 

Scientific men are inclined to look down upon the Fahren- 
heit scale, and to feel that it has no further excuse for existence. 
But for common use I think it has some advantages. People 
are always exaggerating temperatures. If the day is hot, they 
add on a few degrees; if it is cold they deduct a few. No one 
ever gives the air temperature to a fraction of a degree, but 
only to whole degrees. Now on the Fahrenheit scale, on 
account of the small size of its degrees, these whoppers and 
inaccuracies are only about half as big as they are on either of 
the other scales. 

Solids expand still less than liquids. The volumetric ex- 
pansion of aluminum, which is one of the highest, is about half 
that of water at 70 degrees; that of iridium, the metal used on 
fountain pen tips and one of the least expansible, is about one- 
fourth that of aluminum. The expansion of platinum is about 
one-tl.ird that of aluminum. 

Since we deal with solids 1 lostly in the form of rods, beams, 
or w'ire, the changes in length are more important than those 
of volume. The fraction of its original length by which a bar 
elongates, when heated one degree, is called the coefficient of 
linear expansion. It is : cnce the rate of expansion — the expansion 
per unit of length and per degree rise in temperature. To get 
the total elongation of a rod, one must multiply the coefficient 
by the length of the rod and by the rise in temperature. Thus 
the cocffi-' .at for aluminum in metric units is 0.000025. To 
find the -.ongation of a rod 100 centimeters long when heated 
100 centigrade degrees, we multiply twice by 100 and obtain 
0.25 centimeters. Thus, a rod of aluminum, when heated 
from the freezing to the boiling point of water, will expand about 
one-tenth of an inch per yard. For a body that expands 
equally in all directions, the volumetric coefficient is three times 
the linear. 

In all accurate work, measuring scales must be corrected for 
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linear expansion. Wood expands much less than metal, but 
swells considerably with moisture, and in a very uncertain 
fashiqn. Hence accurate measuring scales are always made of 
metal. Though the expansion is greater, the rate is known, the 
temperature is easily measured, and corrections can be applied. 

It is>a curious thing about alloys that their physical properties 
do not always fall midway between those of their ingredients, 
but sometimes much above or below any of them. The co- 
efficients of expansion of steel and of nickel, for example, are 



FIG. 7 — TEMPERATURE COMPENSATION 

fig. 8 — iiarrison’s gridiron pendulum 


about the same and equal to 0.000013. If these two metals are 
mixed in varying proportions, the expansion of the alloy is 
always less than that of either ingredient, and with 36 percent 
nickel reaches a minimum that is one-fourteenth of the expan- 
sion of cither ingredient alone. Alloys of nickel, steel, and 
other ingredients can now be made, whose expansion is 
practically nothing, or even negative. That is, a metal can be 
produced which actually contracts, though very little, when 
heated. These alloys are ..Called “invar.” They have been 
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used for measuring scales, for pendulum rods, and for other 
purposes. 

Although linear expansions are small, when pieces of great 
length are used, the total elongations may become considerable. 
For this reason, rails must not be laid closely end to end, but 
with little gaps between them to allow for expansion, for a 
rise in temperature of ioo degrees Fahrenheit, a thirty-foot steel 
rail expands about one quarter of an inch. In winter we may 
hear the wind singing through the telegraph wires in rather 
high pitched tones, for the wires are then taut. In summer we 
do not hear these high notes, for the wires arc then slack. 
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FIG. C) — MERCURY COMPENSATED PENDULUM 
FIG. IO BENDING THERMOSTAT 

They must be strung, in fact, with sufficient sag to allow for the 
contraction in winter. The Eiffel Tower is six inches taller in 
summer than it is in winter when the thermometer may be 90 
degrees lower. A long steel bridge span must have at least one 
end set on rollers to allow for expansion and contraction. If 
one observes the pipes laid along the walls of the New York 
subway or elsewhere, he will notice at intervals a crook shaped 
like the Greek letter £ 2 . This is to allow for expansion and 
contraction which simply close and open the crook. Where 
long rods or wires are used to operate signals or switches, they 
are interrupted at intervals by a complicated system of levers, 
which compensate for temperature changes which would other- 
wise move the signals. 
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Temperature compensation can be very exactly effected by 
using two metals of different expansibilities. Suppose it is 
desired to connect the two pieces A and B, Figure 7, in such a 
way that the distance between them shall remain invariable. 
We can connect them by means of the zigzag rods shown. 
If the expansibility of the middle rod is about twice that of the 
outside ones, then the upward expansion will be equal to the 
downwa r d. This principle was applied by John Harrison in 
1726 in his “gridiron pendulum” for clocks. This consisted 
of a pair of such zigzags, in order to obtain a symmetrical sus- 
pension, as shown in Figure 8. If compensation is not applied, 
the clock will run more slowly in hot weather because of the 
longer pendulum. 

Another way of applying the same principle is shown in 
Figure 9. Here the pendulum bob consists of two little tubes 
partly filled with mercury. The upward expansion of the 
latter compensates for the downward expansion of the pen- 
dulum rod, thus keeping the effective length of the pendulum 
the same at all temperatures. 

Another way of utilizing two metals of different expansibili- 
ties is to solder or weld two strips of them side by side. When 
the temperature changes, the different expansions cause the 
compound rod to bend. This device is much used in thermo- 
stats for temperature control. For example, in an automatic 
water heater, when the water reaches a certain temperature, 
the thermostat will bend over, and close an electric circuit as 
shown in Figure 10. This shuts off the gas. When the water 
cools a certain amount, the thermostat bends the other way and 
closes another contact which turns on the gas. The device is 
used also for small, flashing electric signs, the heating in this 
case being done by the electric current itself. By a device of 
this sort, a considerable movement can be produced by a small 
change in temperature. It is therefore more sensitive than one 
that depends upon direct elongation and contraction. 

This method was also employed by Harrison in 1735 to 
compensate the balance wheel of a chronometer. A modifica- 
tion of his method is now used on all fine watches. A modern 
compensated balance wheel is shown in Figure 11. The rim 
consists of two branches, one end only of each being fixed to the 
opposite ends of a single spoke. These branches are composed 
of two metals, the more expansible one being on the outside. 



The Expansion of Bodies 


23 

Consequently, when the temperature rises, the arms bend 
inward. This compensates for the increase in inertia, and 
consequent slowing of the watch that would result from the 
expansion of the wheel. The elasticity of the hairspring also 
decreases as the temperature rises, and this would likewise slow 
the watch, so that the bending inward must be suffiefent to 
compensate for this effect as well. The little weights that are 
screwed into the rim will be found to be quite irregulariy spaced. 



FIG. II — COMPENSATED BALANCE: WHEEL 
FIG. 12- METALLIC THERMOMETER 

This is because, when adjusting the compensation, the watch- 
maker moves them toward or away from the ends of the arms, 
according as the compensation needs to be increased or 
decreased. 

The expansion of solids being small, it is not very suitable for 
measuring temperature. However, by coiling up a thin strip 
in the manner of a hairspring, a considerable length can be 
obtained, which will coil up or uncoil as the temperature 
changes. This can be made to move a needle around a dial, as 
shown in Figure 12. Thermometers have been made in this 
way. They have the advantage that the dial can be read across 
a room, so that it is not necessary to get up close and hunt for an 
almost invisible mercury thread. 

A glass vessel breaks when hot water is poured into it, because 
the interior expands before the heat can be conveyed through 
the poorly conducting material to the outside. Chemists’ 
glassware is made very thin on this account. While mechanic- 
ally weak, it is thermally strong. Porcelain is about one-third 
as expansible as glass, and so stands the heat better. We have 
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no fear about pouring boiling water into a teacup. Pyrex glass 
is still less expansible, and will stand the heat of an oven. The 
most • remarkable substance in this regard, however, is fused 
quartz, whose expansion is almost negligible, being twenty 
times less than that of ordinary glass. A red-hot vessel of this 
substance can be plunged directly into cold water without 
cracking. Unfortunately, however, the substance is very 
costly. 

Like many familiar sayings, the assertion that all bodies 
expand when heated, is not true. Some contract. Wc have 
already mentioned invar, certain grades of which contract. 
Many bodies do not expand equally in all directions. Notably, 
wood expands much more along the grain than it does across. 
On the other hand, when it soaks up moisture, it expands mostly 
across the grain. Many crystals expand unequally in different 

directions, and some even con- 
tract along certain axes. 
Stretched rubber contracts 
when heated, as may be shown 
by suspending a small weight 
by a long rubber band and 
bringing a hot flatiron near the 
” band. The weight will then 
rise. Iron expands continuously 
up to 1650 degrees Fahrenheit, 
fig. 13— -the expansion of water a bright red heat, then contracts 

a bit, after which the expansion 
is resumed as the temperature is further raised. The reason is 
that at the temperature mentioned, the recalescence point as it 
is called, a change takes place in the arrangement of the mole- 
cules in the iron crystal, and the new arrangement is more 
compact than the old one. Many substances have several of 
these recalescence points. Alloys show anomalies in the 
neighborhood of the melting point of each ingredient. Finally, 
no substance expands at a uniform rate, but usually the rate 
increases as the temperature rises. 

Q Of all substances, liquids show in their expansions the great- 
est departures from uniformity. Water contracts as the 
temperature is raised from the freezing point to 40 degrees 
Fahrenheit, at which point it reaches a minimum volume or a 
maximum density. From there on, it expands up to the boiling 
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point. The manner of its expansion is shown in Figure 13, in 
which the volumes are plotted vertically and the temperatures 
horizontally. The expansion is represented by a curve, which 
is concave upward. This shows that the positive rate of 
expansion increases continually from the freezing to the boiling 
point. II the expansion were uniform it would be represented 
by a straight line. 

All liquids, when measured on the gas or thermodynamic 
scales of temperature, show similar upward curving expansion 
lines. Not all show a minimum volume like water, but in many 
cases, if the expansion line is continued downward — extra- 
polated — below the solidification point, it shows that such a 
minimum volume would have been reached had the substance 
not meanwhile solidified. Indeed, it is sometimes possible 
to prevent solidification, to undercool the liquid, as will be 
explained later, and reach this point 

Mercury is no exception to this rule. When compared with 
the thermodynamic scale, it too shows an upward curving 
expansion line, though fortunately its curvature is very slight. 
When we use mercury to measure temperature in the manner 
already described, we arbitrarily make its expansion line 
straight. All the others become curved in comparison. If we 
make alcohol standard, then its expansion is made straight, and, 
compared with it, that of mercury becomes curved the other 
way, and all the others curved one way or the other. Hence 
no liquid is, as we have pointed out, a perfect temperature 
measurer. 

But solids also show nonuniform expansions, and oftentimes 
many more or less sudden and considerable irregularities such as 
recalesccnce points. Even gases arc not quite uniform, so that, 
in the end, no material substance is 1 perfect temperature 
measurer. Only Kelvin’s thermodynamic scale meets this 
requirement. 
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The expansion of a solid or of a liquid when heated is a com- 
paratively simple matter, because it depends only upon the 
temperature. But the volume of a gas depends also upon the 
pressure. Liquids and solids, to be sure, are also affected by 
pressure, but enormous changes in pressure are required to 
produce very small changes in volume. Hence these effects 
can usually be neglected. But gases are very compressible and 
the pressure must be taken into account. 

As the mathematician would say, the volume of a gas is a 
function of two variables, instead of only one, as is the case with a 
solid or a liquid. We can study the separate effects of cither 
variable by keeping the other one for the time being constant. 
We shall first study the relation between volume and pressure 
when the temperature is kept constant. 

This was first done in 1 660 by Robert Boyle in a paper called 
“New Experiments Physico-Mcchanical touching the spring of 
the air and its effects,” and by Mariotte in 1676. They found, 
very simply, that when the pressure is doubled the volume is 
halved, and when the pressure is halved the volume is doubled, 
and so on. In short, the volume varies inversely as the pres- 
sure, so that the product of the two is constant. 'Phis is known 
as Boyle’s or Mariotte’s law. 

If we plot this relation graphically, by laying off' the pres- 
sures on a vertical scale, and the corresponding volumes 
horizontally, thus making a pv plot as it is called, we obtain the 
curve of Figure 14. This curve is known mathematically as 
an equilateral hyperbola. It has this property — that if from 
any point P on the curve perpendiculars are dropped on the 
two axes, the area of the rectangle formed by them and the 
portions of the axes they intercept is constant. For the two 
perpendiculars represent the pressure and the volume corre- 
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sponding to P, as shown in the diagram, and the area of the 
rectangle is equal to their product, which by Boyle’s law is 
constant. 

We can draw some curious conclusions from this curve. 
Suppose the point P to slide down the curve indefinitely toward 
the right. The rectangle then becomes continually longer and 
thinner, representing the increase in volume and corresponding 
decrease in pressure of the gas. But the area of the rectangle 
remains always the same, for it is equal to the constant product 
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ol p and v. However long the rectangle becomes, it must still 
have some width. This is equivalent to the assertion that a gas 
expands indefinitely, that if introduced into a vacuum it will 
eventually fill the whole space, even if this be as large as the 
universe; and it will still exert a pressure on whatever bound- 
aries there may be; that is, no matter how much the gas may 
have already expanded, it will still possess the power of further 
expansion. Thus the curve approaches the volume axis 
asymptotically : it gets nearer and nearer but never touches the 
axis — unless we grant that it does so at infinity. The rectangle 
then becomes of infinite length and infinitesimal width, but still 
has the same unalterable area. We leave it to the mathema- 
ticians to figure that out— -if they can. 

On the other hand, suppose we push the point P up the curve 
by compressing the gas. The laws tells us that no matter how 
many times we double the pressure, we shall always halve the 
volume, obtaining successively one-half, one-quarter, one- 
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eighth, ... of the original volume — a geometrical series that 
ends (after an infinite number of tfcrms) in nothing. According 
to the law, then, the volume of a gas can be indefinitely re- 
duced ; it can be squeezed out of existence. 

We cannot believe that any real gas will act in either of these 
ways. However well Boyle’s law may represent its behavior 
for middling values of pressure and volume, it cannot hold for 
extreme values. Somewhere the law must break down and be 
replaced by other laws. Boyle’s law, in fact, assumes that a gas 
is all spring and no substance, that it is nothing but a pressure 
and a volume connected by a mathematical relation. But a 
real live gas is composed of molecules, of bits of what we may 
call solid matter. The pressure on the walls of a container is 
the summation of the individual pushes of all these separate 
particles. So long as the gas is fairly dense, the pressure will 
be sensibly uniform, and we cannot detect its spottiness. We 
can then treat the gas en masse, as though it were a continuous 
substance, or, if you prefer, as if it were composed of an infinite 
number of infinitesimal molecules. Then, and then only, can 
we lay down a rule like Boyle’s for its mass behavior. But when 
the gas is greatly attenuated, so that its molecules are far apart, 
the pressure becomes a flickering and indefinite thing, to which no 
mass rule can be applied. A different and more complicated 
pattern of behavior must then replace the simple rule of Boyle. 

Compression of a gas consists in pushing its molecules closer 
together. If the molecules have finite size, and we believe they 
have, this sort of compression can go on only until the molecules 
are brought into contact. We would not nowadays insist that 
compression must then absolutely stop. We no longer believe 
the molecules to be absolutely hard little pellets of unalterable 
size, as was once supposed. But it is likely that compression 
of the molecules themselves will be much more stoutly resisted 
than the mere pushing of them together. At this point, then, 
a different law of compression must supersede that of Boyle; 
and the change may be quite abrupt, like banging into a stone 
wall. In short, the substance should then act more like a 
liquid or a solid than a gas, in that an enormous increase in 
pressure will produce only a trifling decrease in volume. We 
cannot believe, then, that an actual gas can be squeezed out of 
existence. There must be a minimum volume that can only be 
further reduced by shattering the molecule. 
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Nevertheless, Boyle’s law is very closely followed by many 
gases over wide ranges of pressure and volume. From this we 
may at once conclude that their molecules are very minute, 
exceedingly numerous, and ordinarily quite far apart — for they 
do not make their presence evident until very high pressures or 
enormous volumes are reached. 

Indeed, for more than a century and a half Boyle’s law was 
held to be absolutely true, and any doubts about It were re- 
garded as a sort of scientific heresy. Nature was supposed to 
be essentially simple, and her laws to be the simplest possible. 
No simpler law than that of Boyle connecting the pressure and 
volume of a gas could be imagined. Hence it was concluded 
that it must be true. And when the first evidences of devia- 
tions from it at high pressures came from Despretz in 1827, an ^ 
from Dulong and Arago in 1829, they were laid to experi- 
mental errors. But in 1847 Regnault, by very accurate experi- 
ments in which he compressed the more common gases up to 
125 atmospheres (1875 pounds per square inch), established 
beyond doubt the existence of definite and progressively in- 
creasing deviations as the pressure rose. 

And so the dogma of nature’s simplicity received a severe 
body blow; and it has been badly pommeled ever since, until 
now a complete knock-out seems to have been achieved by 
Einstein. 

In fact, nature is furiously complicated. But man’s capacity 
is limited. Hence he seeks the simplest formulae. Although 
no part of the behavior of any gas conforms exactly to Boyle’s 
law, it is convenient to use this law as a first approximation, 
and to describe the real ways of gases by their departures from 
it. Luckily this first approximation is frequently so close that 
no further corrections are necessary. The method is a common 
one in science. Thus, the astronomer assumes as a first ap- 
proximation that the path of a planet is a perfect ellipse, 
although he knows that perturbations exist. 

And so we have created the fiction of a perfect gas, which is 
simply one that obeys Boyle’s law exactly for all pressures and 
volumes. Such a gas sets a standard of behavior for all other 
gases. It is always a gas. It cannot be liquefied. Its proper- 
ties cannot in the least be altered by any amount of expansion, 
or by any excess of pressure. But obedience to Boyle’s law is 
not the only demand that we shall make of it. 
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Having now settled the relation between pressure and 
volume, at least for a perfect gas,' when the temperature is kept 
constant, we proceed to investigate the effects of a temperature 
change when either the pressure or the volume is kept constant. 
Often it is not possible to keep the pressure constant throughout 
the whole of an experiment, but it suffices to bring it back at the 
end of the experiment to the value it had at the beginning. 
This requirement was met in Hero’s early experiments. The 
air was heated in an open flask, and consequently was at atmos- 
pheric pressure when the flask was sealed. When the cooled 
flask was inverted and opened under water, the liquid flowed 
in until the pressure of the air within was again one atmosphere. 
This amounts to measuring the contraction under constant 
pressure. But during the cooling, the pressure of the air in the 
sealed flask must have diminished. Otherwise the water would 
not have been sucked up. Hence when the volume is kept con- 
stant, a change in temperature produces a change in pressure. 

A gas therefore has two temperature coefficients. One 
expresses the change in volume when the pressure is kept con- 
stant — this is the ordinary coefficient of expansion, such as we 
used for liquids and solids; the other expresses the change in 
pressure when the volume is kept constant. They are called 
the volume and the pressure coefficients, respectively. 

By a method substantially the same as Hero’s but more 
refined, Gay-Lussac in 1802 measured the two coefficients for 
the more common gases. He obtained the surprising result that 
all these gases expanded equally. Also their pressures in- 
creased equally when they were heated at constant volume. 
And finally the volume and pressure coefficients were equal. 
Thus each gas, when heated from o to 100 degrees centigrade at 
constant pressure, expanded by 37 per cent of the volume it had 
at o degree. Similarly, if heated at constant volume between 
the same two temperatures, its pressure increased by 37 per cent 
of its zero degree value. He found also that both the volume 
and the pressure increase between these limits was uniform, as 
nearly as he could determine with a mercury thermometer. 

These relations arc now called Gay-Lussac’s law, though in 
England they are frequently credited to Charles, because the 
latter claimed to have known them as early as 1 787, although he 
published nothing about them. If they are true, then, if we 
plot the volume against the pressure — a vt plot as it is called — 
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the expansion of a gas at constant pressure is represented by a 
straight up-sloping line as in- Figure 15. The part FB repre- 
sents the expansion from o to 100 degrees as measured by Gay- 
Lussac. At B the volume is 37 per cent greater than it is at F, 
or, using the more accurate figure of Regnault, 36.6 per cent 
greater. The expansion per degree is then 0.00366. Ex- 
pressed as a common fraction, this figure is 1/273. A gas 
expands, then, 1 /273rd of its o-dcgrec volume for ewry degree 
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centigrade it is heated. Conversely, it contracts by the same 
fraction for every degree it is cooled. At this rate, then, if the 
gas is cooled to — 273 degrees, it will contract 273/273^ of its 
o-degree volume, in other words, to nothing. The downward 
prolongation of FB must therefore hit the zero of the volume 
axis at —273 degrees, and since a gas cannot contract to less 
than nothing, this would indicate that we here reach the 
greatest possible cold —the absolute zero. 

Since the pressure change, according to Gay-Lussac, is the 
same as the volume change, the very same diagram will repre- 
sent this case also by merely interchanging p and v. It then 
becomes a pt plot, and shows that when a gas is cooled at con- 
stant volume to —273 degrees, the pressure is also reduced to 
nothing. 

We cannot, of course, believe that the volume of a real gas 
can be redficed to nothing by any amount of cooling, any more 
than it could be done by any excess of pressure. Gay-Lussac’s 
law therefore cannot hold at the extremes any more than 
Boyle’s law can, and for the same reason. A real gas is com- 
posed of molecules of finite size, and has a minimum volume. 
There is no difficulty, however, in believing that the pressure of 
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a gas can be reduced to zero by sufficient cooling. If, as we 
believe, the pressure is due to molecular motions, the energy 
of which depends upon the temperature, then when the tem- 
perature is reduced to nil, the motions will cease. In fact, the 
pressure might then be reduced to less than zero, or become 
negative, that is to say, it would become reversed into a con- 
tractive force. For if, as we also believe, there are forces of 
attraction .between the molecules, then when their motions 
cease, they would gravitate together without the help of an 
external pressure. 

The validity of Gay-Lussac’s law was also tested by Regnault 
with great care and exactness. He found that the permanent 
gases (so-called because once believed to be nonliquefiable), 
air, oxygen, nitrogen, hydrogen, followed the law very closely 
over considerable ranges of temperature. Of course the mer- 
cury thermometer could not be used in these experiments, not 
only because of its limited range, but also because of the non- 
uniform expansion of mercury. Instead Regnault used one of 
the gases itself as a thermometric substance, and thus compared 
the expansions of the gases among themselves. Incidentally he 
greatly advanced the art of gas thermometry. He found the 
volume and pressure coefficients of these gases to be all very 
nearly the same, very nearly constant, and very close to the 
value found by Gay-Lussac. It is a remarkable fact that if the 
coefficients for these gases (to which may now be added helium 
and argon) are measured between o and ioo degrees centigrade 
and then either the constant pressure or the constant volume 
lines thus determined are prolonged downward, after the 
manner of Figure 15, they all strike zero volume or zero pressure 
within a fraction of a degree of — 273 degrees, and this despite 
the fact now known that all these gases liquefy and solidify 
before reaching this temperature. At or near this temperature, 
then, must lie the absolute zero. This conclusion has been 
confirmed by Kelvin’s thermodynamic scale, which has placed 
the absolute zero at —273.13 degrees centigrade or —459.6 
degrees Fahrenheit. Temperatures measured up from this 
point are called absolute temperatures, and may be given in centi- 
grade or in Fahrenheit degrees. Thus the absolute tem- 
perature of the freezing point of water is 273 degrees centigrade 
or 492 degrees Fahrenheit. 

Gay-Lussac’s law then is followed closely but not exactly by 
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the so-called permanent gases. It is followed less closely by the 
more easily liquefiable gases. . We therefore treat it in the same 
way that we did Boyle’s law, as a convenient first appeoxima- 
tion, and add it to the requirements of our perfect gas. Accord- 
ing to this law too, a perfect gas is always gas. It never 
liquefies, however much it is cooled. As we may see from 
Figure 15, the volume increases in exact proportion to the 
absolute temperature when the pressure is kept constant, and 
the pressure increases in exact proportion to the absolute tem- 
perature when the volume is kept constant. A perfect gas 
would therefore be a perfect temperature measurer, and either 
the volume or the pressure change could be used for this pur- 
pose. Since the permanent gases follow the law closely, they 
are good temperature measurers, much better than any liquid 
or solid. 

A perfect gas, then, must obey the laws both of Boyle and of 
Gay-Lussac. The two laws can be combined in the one state- 
ment, that the product pv is proportional to the absolute tem- 
perature. If we give the temperature a particular constant 
value, then the product pv is constant as in Boyle’s law, and we 
obtain a curve like that of Figure 14. If we give the tempera- 
ture a different, say a higher constant value, we get another 
similar curve, but situated farther out from the axes. Four 
such curves are shown in Figure 16. Since the temperature is 
constant along each of these, they are called isothermals, or lines 
of equal temperature. Boyle’s law is therefore the law of the 
isothcrmals of a perfect gas. 

In this figure are shown also a constant pressure and a con- 
stant volume line. The former is horizontal because , since the 
pressures are measured upward, this line must maintain a 
constant height above the base line, which represents zero 
pressure. The latter is vertical because volumes are measured 
by horizontal distances from the left-hand axis, which repre- 
sents zen. volume. It may be noted that the three isothcrmals, 
which arc drawn for 273 degrees, 546 degrees, and 819 degrees 
absolute, which numbers are in the proportion one, two, and 
three, cut off equal intervals on these, and on any other, con- 
stant pressure or constant volume lines. This is required by 
Gay-Lussac’s law\ 

It is evident that the state or condition of a gas depends upon 
three variables, p, v, and T. We have used three plots, the 
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pv, vt, and pt plots, to show the effects of varying two of these 
quantities, while the third was ljcpt constant. But all three 
may vary together. To show all the effects of such a threefold 
variation, to unite all these separate plots in a single diagram, 
we must use three dimensions. We must lay off p, v, and T 
along the three edges of a cube that meet in a corner. This 
may seem a little difficult, but let us not be discouraged. The 
end will justify the pains. 

We already have everything we need in Figure 16. Let us 
imagine a T axis that starts at the lower left-hand corner of this 
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figure, and runs directly away from the reader, that is, per- 
pendicular to the plane of the paper. Then let us move back 
each isothermal along this axis a distance proportional tc 
its absolute temperature. Or, if this is too much of a strain 
on the imagination, let us construct an actual model out ol 
cardboard. 

Cut out each isothermal including its pressure and volume 
axis from a separate piece, as is shown in Figure 17 for the 
middle isothermal of Figure 16. Then glue it to two rectangu- 
lar pieces of cardboard, which arc set up at right angles to 
each other like a half open book, and which represent the pi 
and vt planes respectively. The isothermal is to be set back 
from the front edges of these a distance proportional to its 
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absolute temperature, 546 degrees in this case. Thus we might 
make this distance 5-4® inches. The front edges hence repre- 
sent the isothermal for the absolute zero. They are also the 
p and v axes, while the edges along which the two boards are 
joined give the receding T axis. The pressure, volume, and 
temperature of any point such as P on the isothermal ai;e given 
by the distances marked p, v, and T, on the diagram. When 
we have similarly affixed the other isothermals, we obtain a 
skeleton of the model shown in Figure 18. Since fsothermals 
could have been constructed for every other temperature, they 
would, when all packed together in this way, form a continuous 
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concave surface, which thins down to two sharp edges along the 
pressure and volume axes, respectively. We have cut the 
model off at the freezing point isothermal, the better to show its 
shape, and again at the 819 degrees isothermal; but the surface 
continues of course down toward the reader to the absolute zero, 
and indefinitely outward along the three axes. 

Kvcry point on this surface represents a possible combination 
of p y v , and T, for a perfect gas; and every point not on the 
surface represents an impossible combination of the variables 
for such a gas. We thus have a complete view of the proper 
behavior of a perfect gas. 

If we look down upon this model from above, we see the 
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constant pressure line of Figure 15, with its bit from F to B that 
was measured by Gay-Lussac, projected upon the bottom or vt 
plane. Every horizontal slice of the model cuts out a similar 
constant volume line, which runs straight to the p axis, showing 
zero volume at zero temperature. 

If we loolc at the model from the right, we see the constant 
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volume line, obtained from Figure 15 by interchanging p and v, 
projected on the pi plane at the left. Every vertical slice of the 
model running perpendicularly away from the reader cuts ou* a 
similar constant volume line, which runs straight to the v axis, 
showing zero pressure at zero temperature. 

Every vertical slice parallel to the plane of the paper cuts out, 
of course, a pv plot. And so the three plots are sections of this 
single three-dimensional model. 

This whole surface can be given by a single equation, 
pv = RT, in which R is a constant. It is called the perfect gas 
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equation , and R is the gas constant. Every set of values of p, v, 
and T that satisfy this equation gives a point on the surface, 
and every set that does not satisfy it gives a point that is not on 
the surface. In fact, the equation merely states that the 
product pv is proportional to the absolute temperature, which 
we have already said completely defines a perfect gas. 

While R is constant for any one gas, it is different for different 
gases. In fact it depends upon the density of the gas, which in 
turn, according to Avogradro’s law, depends upon the weight 
of the gas molecules. Hence, if all gases were perfect, they 
would differ only in respect to molecular weight. If R be given 
the values that correspond to the different gases, we obtain a 
sheaf of curved surfaces, each like the one of Figure 18, all 
springing from the p and v axes, like the sheets of a paper pad 
that arc glued down along two edges, and are ruffled up at the 
free corner, the lighter gases being represented by the higher 
sheets. Since every element will become gas at some high 
temperature, there are at least ninety-two of these sheets. But 
there are also many compound gases. Every gas approximates 
to perfect behavior if the temperature is sufficiently elevated. 
Hence, every gas will have a sheet, and some part of its be- 
havior will be more or less closely represented by some part of 
its sheet. 
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those calories 

A man once complained to the servant at his boarding house 
that his room was cold. “The thermometer stands at only 
fifty degrees,” he showed her. “Ah ! But for this little room,” 
the maid replied, “forty degrees would be quite enough.” 

Whether the girl was ever brought to understand the differ- 
ence between temperature and heat, I do not know; but I am 
sure that no reader of this book would ever make a similar 
mistake. Yet we often carelessly use the two terms inter- 
changeably. We say, “The heat was terrible to-day,” when 
we merely mean that the temperature was uncomfortably 
elevated. Yet it is perhaps not sufficiently realized that heat 
is a quantity, just as much as a material substance is. Indeed, it 
was at one time supposed actually to be a material substance, 
an imponderable or weightless fluid, to which Lavoisier gave 
the name caloric. The thermometer docs not measure this 
quantity. It measures only its intensity or degree of concentra- 
tion. 

If wc place two bodies of different temperatures in contact, 
they assume after a time the same temperature. We say that 
heat has passed from the one to the other, and that the tempera- 
ture of the one has fallen because it has lost heat, while that of 
the other has risen because it has gained heat. We observe the 
temperature changes, by means of thermometers or otherwise. 
We infer the passage of heat as the cause of them. 

Two bodies at different temperatures may be likened to two 
vessels in which water stands at different levels, as in Figure 19. 
The water represents a quantity of heat, and the levels repre- 
sent the temperatures. When the two vessels arc put into 
communication, water flows from one to the other until the 
levels arc equalized. If there is no leakage, the quantity of 
water that enters the one is the same as what left the other. If 
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the diameters of the vessels are the same and are uniform, the 
level of the one rises as much as that of the other descends, and 
the final level is halfway between. 

But if heat quantity is not measured by a thermometer, how 
then shall we measure it? The answer is — in the same way 
that we measure water. And how do we measure water? 
Why! We provide a vessel having a certain capacity , fill it to 
the top, and then say, for example, we have a quart. 

Let us put a kettle of water on 
the stove and place a thermometer 
in the water. If the fire is a gas 
flame that burns at a steady rate, 
we may assume that heat flows 
into the water at a steady rate, and 
we shall find that the rise in tem- 
perature is also uniform. Equal 
amounts of heat are added to the 
water in each minute, and equal FIO communicating vessels 
changes in temperature occur each 

minute. If we fill the kettle half full, we shall find that the 
boiling point is reached in half the time that the full kettle 
required. The half quantity of water has therefore half the 
capacity for heat that the full quantity had; it took half the 
quantity of heat to fill it up, so to speak, to the boiling point. 
The heat capacity of a body is therefore proportional to the 
quantity of the body, or more exactly, as could be ascertained 
by more precise experiments, to its mass or weight. In a given 
weight of water, or of any other substance, we have then a 
definite heat capacity. It requires a definite amount of heat to 
fill it from one mark to another on the thermometer scale. 

In measuring a liquid, we usually start with an empty vessel 
and fill it to the top. We cannot do :his with heat, for we 
cannot empty a body of all its heat, that is, cool it to the abso- 
lute zero. We have to start with the body already partly filled, 
so to speak. We often do this in measuring liquids. Suppose 
we have a 'graduated cylinder, as in Figure 20, already filled to 
a certain mark with water, and we wish to add another quart. 
We simply pour in water until the level rises to the mark that 
indicates another quart. We do the same thing with heat. 
Suppose we have a kilogram of water already filled with heat to 
the o-degree mark on the centigrade scale, or 273 degrees 
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absolute. We add heat until the temperature rises to the 
373-degree mark, and then say that we have added one 
hund r ed large calories. 

The large calorie is therefore the amount of heat required to 
raise the temperature of one kilogram of water one degree on 
the centigrade scale. This is the heat unit that overweight 
women are so much concerned about, without perhaps knowing 
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just what it means. They tell us that an egg contains 75 
calories. That means that, when completely oxidized or 
burnt, it will develop enough heat to raise the temperature of a 
kilogram of water 75 degrees centigrade, or to raise about a pint 
and a half of water from the freezing to the boiling point. 
These people unwittingly eat, or perhaps abstain from eating, 
by the centigrade scale, but use the Fahrenheit in all their other 
dealings. 

For scientific purposes the heat unit most used is the small 
calorie, which is the thousandth part of a large caloric. For 
engineering purposes in English-speaking countries, the British 
Thermal Unit, abbreviated to B.T.U., is mostly employed. 
This is the quantity of heat required to raise the temperature of 
one pound of water one degree on the Fahrenheit scale. We 
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shall call this unit a therm. It is equal to 252 small calories, or 
about one-fourth of a large calorie. 

All substances do not have the same capacity for heat, wieight 
for weight, that water has. The amount of heat required to 
raise the temperature of one gram of any substance one degree 
centigrade — or one pound, one degree Fahrenheit — is called 
the specific heat of the substance. Since the amount of heat 
required for this purpose in the case of water is the un^t of heat, 
the specific heat of water is 1 . All other specific heats are 
therefore expressed in terms of that of water. Being thus 
relative numbers, they arc, like specific gravities, independent 
of the units employed in measuring them. The thermal capacity 
of a body is its specific heat multiplied by its weight. It is the 
total heat absorbed by the body when its temperature is raised 
one degree. Thus five pounds ol iron will absorb five times as 
much heat as one pound of iron will, when both are heated the 
same number of degrees. 

Let us take a pound of boiling water at 100 degrees centi- 
grade, and mix it w'ith a pound of cold water, at, say, 10 degrees 
centigrade. The mixture will assume a temperature of 55 
degrees, just halfway between the extremes. The hot water 
has cooled 45 degrees, while the cold water has warmed 45 
degrees, and of course the heat lost by the one is the same as that 
gained by the other, barring any loss during the transaction. 
This is illustrated by our communicating vessels of Figure 19 
when their diameters arc equal. The one level, as we ex- 
plained, then sinks as much as the other rises. 

Suppose, now, that instead of a pound of water at 100 
degrees, w'c introduce a pound of iron at 100 degrees into 
our cold water. The final temperature of the mixture will 
then be 20 degrees. The iron has fallen 80 degrees, while the 
water has risen only 10 degrees, in receiving the same amount of 
heat that the iron lost. The heat capacity of the iron is there- 
fore only one-eighth that of the equal weight of water. Its 
specific heat is 0.125. This case would be illustrated by com- 
municating vessels in which the diameter of one was only 
one-eighth that of the other. The level in this one then sinks 
eight times as much as that in the other one rises. The dia- 
meter of the vessel hence corresponds to the specific heat. 

Now the diameter ol a vessel might not be uniform. That 
would mean that the specific heat ol a substance might vary 
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with the temperature. That has been found to be the case. 
The heat absorbed by a gram of water between o and i degree 
centigrade is not the same as that absorbed between 15 degrees 
and 16 degrees. Hence, in defining the calorie, we must for 
exact work specify the two temperatures between which the one- 
degroe rise in temperature is to take place. 

The specific heats of nearly all substances are less than that of 
water, and hence are expressed by decimal numbers. Solids 
are particularly low, all the common substances ranging from 
0.031 for lead to 0.22 for aluminum (from 1/30 to 1/5). Ice, 
however, is an exception with a specific heat of 0.5. There are 
also some less common substances with high specific heats. 
That of lithium, for example, at ordinary temperatures is 0.84, 
and increases rapidly with the temperature, so that above 100 
degrees centigrade, the specific heat of this metal is greater than 
that of water. This is very exceptional. The noble metals, 
gold, mercury, platinum, iridium, tantalum, tungsten, on the 
other hand, all have low specific heats around 0.03. 

Liquids in general have higher specific heats than solids. 
They range mostly around half that of water. Mercury, how- 
ever, follows rather the rule for the noble metals with a specific 
heat of only 0.033. This low thermal capacity of mercury is 
another quality that adapts it for thermometers. It abstracts 
but little heat from the body whose temperature is to be 
measured. 

Water, on account of its high thermal capacity, is an excel- 
lent storehouse of heat. No better substance can be found 
with which to fill your hot water bottle. The great quantity 
of heat contained in the ocean, and particularly in its warmer 
currents, has a marked effect in equalizing the climate. On the 
coasts, the extremes of temperature are much less than inland. 
For the same reason, water is the best cooling agent. In the 
radiator of an automobile, or in the condenser of a steam plant, 
it will carry away more heat per pound than any other 
liquid. 

When it comes to gases, we find that just as they had two co- 
efficients of expansion, so they have also two specific heats, 
according to whether the pressure of the volume is kept con- 
stant during the heating. The specific heat of a gas is very 
difficult to measure with accuracy, for since the heat capacity 
of a body depends upon its weight, and a gas is very light, an 
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enormous volume is required in order to absorb an appreciable 
and accurately measurable amount of heat. The difficulty 
is not so great in the case of the specific heat at constant pres- 
sure, for in that case the hot gas may be allowed to stream 
through a coil of pipe immersed in the water of a calorimeter, 
the rise in temperature of the water and the fall in temperature 
of the gas as it passes being simultaneously measured. In this 
way a large volume of gas can be used. By this method Reg- 
nault in the middle of the last century made the first accurate 
and extensive measurements of the specific heats of gases at 
constant pressure. 

In the case of the specific heat at constant volume, however, a 
fixed quantity of the gas must be confined in a closed container, 
and this cannot be very large. Now even the lightest possible 
container will be many times heavier, and will therefore absorb 
many times more heat than the enclosed gas will. It is neces- 
sary first to determine how much heat the container absorbs 
without the gas, and then how much it absorbs with the gas. 
The difference between these two large and nearly equal 
quantities gives the amount of heat the gas alone absorbs. 
This is like trying to weigh a feather inside a leaden casket, by 
weighing the casket with and without the feather. Suppose 
we commit an error of one part in a thousand in weighing the 
casket. If the casket weighs a hundred times as much as the 
feather, then the error in the weight of the feather will be one 
part in ten or io per cent. Because of this difficulty, direct and 
accurate measurements of the specific heats at constant volume 
were not made until 1890, when Joly invented a new kind of 
“differential” calorimeter for the purpose. Even to-day but 
few gases have been measured in this way. Fortunately, 
however, we have indirect ways of calculating these specific 
heats from other data. But this matte*- is too complicated to 
discuss here. 

The specific heats of the permanent gases at constant pres- 
sure are all much the same, and range from one-half to one- 
eighth. That of air is 0.24. Hydrogen, however, is a great 
exception, having the enormous value of 3.40. This is the only 
substance that has a decidedly higher specific heat than water. 
This undoubtedly accounts for the high thermal capacity of 
water, which contains considerable hydrogen. The specific 
heat of steam is 0.47, that of ice 0.5, so that water when it 
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becomes either vapor or solid loses about half of its thermal 
capacity. 

The specific heat of a gas at constant volume is always less 
than its specific heat at constant pressure. For example, the 
former for air is 0.17, that for steam is 0.34, for hydrogen 2.40. 
Comparing these with the corresponding values for constant 
pressure given above, they are all seen to be less. The reason 
for this long remained a profound mystery, until J. R. Mayer in 
1842 propounded the theory that heat is a form of energy, that 
a calorie will produce a definite number of kilogram-meters of 
work — a therm, so many foot pounds — and vice versa. He 
pointed out that when a gas is heated at constant pressure, it 
expands and does work against the opposing atmospheric 
pressure. A certain amount of heat is required to raise the 
temperature of a gas one degree at constant volume. This is its 
real specific heat. A certain additional amount of heat is 
required at constant pressure to do the work of expansion. 
From this additional heat, and the work done, he showed that 
the number of kilogram-meters produced by the consumption 
and disappearance of one calorie — what we now call the 
mechanical equivalent of heat — could be calculated. This is the 
principle of the conservation of energy. A year later Joule 
independently discovered this principle, and made the first 
direct experimental measurements of the mechanical equi- 
valent. These have been often repeated and refined by Row- 
land and others. The accepted value to-day is 778 foot pounds 
to one British Thermal Unit. 

By the work of Joule, Kelvin, Clausius, Tyndall, and others, 
it was further established that heat is a form of molecular 
agitation, or as Tyndall put it, “a mode of motion.” This is 
the mechanical or kinetic theory of heat. Although it had been 
often proposed long before, it was only established after a long 
and bitter struggle with the official caloric theory. But that is 
another story. 
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One morning, the author of these pages complained to the 
cook that his coffee was not very hot. She replied: “Well, I 
boiled it for half an hour and couldn’t get it any hotter.” We 
feel inclined to ask, “What’s wrong with this picture?” While 
most persons may be aware of the fact that prolonged boiling 
does not raise the temperature of a liquid, nevertheless it is 
difficult to persuade any cook that to boil vegetables “hard” 
does not cook them any faster or any better, than to boil them 
gently. Yet with a thermometer it is easy to show that no 
matter how fierce the fire or prolonged the boiling, the tem- 
perature of the water cannot be raised above its boiling point, 
212 degrees. Now, during the boiling the fire is continually 
delivering heat to the water. What becomes of it all? If 
the kitchen is small and not very well ventilated, we shall soon 
find out (especially if a thermometer hangs on the wall) what 
becomes of it. Certainly the heat that causes the cook to 
grumble about the hot kitchen doesn’t do the vegetables any 
good — nor the cook, nor those who have to listen to her, nor the 
one who has to pay the gas bills. 

The heat supplied to the water serves merely to maintain its 
temperature. Except lor a small amount required by the 
chemical changes that constitute cooking, all of it goes to make 
up the losses to the surroundings. If these could be prevented, 
and they can be greatly reduced by efficient heat insulation, 
such as that of the fireless cooker and the electric oven, a sur- 
prisingly small amount of heat would do the cooking. Our 
open pans, iron stoves, and uninsulated ovens are a disgrace to 
an age that calls itself scientific. The only good that violent 
boiling can do is to maintain a lively circulation of the food. 
But it is cheaper to do this with a spoon. 

Let us put a kettle of ice-cold water on a steady gas fire and 
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see how long it takes to boil. We shall find that it takes more 
than five times as long to boil all the water off as it did to heat 
the water from the freezing to the boiling point. And since the 
fire has burned steadily all this time, it must have delivered 
more than five times as much heat to the kettle during the 
boiling as during the heating period. Yet all this fivefold 
quantity of heat did not raise the temperature of the water one 
jot. Neither did it raise the temperature of the steam. If we 
place a thermometer in the steam just above the liquid, we shall 
find that it again stands at 2 1 2 degrees during the whole of the 
boiling. Only when the last drop of water has boiled off, can 
the temperature of the steam be raised. Then the temperature 
rises w’itH sudden and alarming rapidity, and if the fire is not 
immediately extinguished, the kettle will burn. 

That all this heat that produced no rise in temperature has 
not somehow gone out of existence, but is still in the steam, we 
can prove by getting it out of the steam again. If, instead of 
allowing the steam to escape and cause the cook to grumble, we 
had conducted it by means of a hose to a coil of pipe immersed 
in a large body of cold water, the steam would have condensed 
in the pipe and raised the temperature of the surrounding 
water. In fact, we could in this way recover from the steam 
more than enough heat to raise the temperature of five similar 
kettles full of water from the freezing to the boiling point, in 
short, all the heat that we had put in. 

More exact measurements show that to boil one gram of 
water at 100 degrees centigrade and convert it into steam at the 
same temperature, requires 538 calories of heat, whereas to 
raise the temperature of a gram of water from o degree to 100 
degrees centigrade requires only 1 00 calories. And conversely, 
by the condensation of that same steam at 100 degrees centi- 
grade to water at the same temperature, provided there arc no 
losses, 538 calorics of heat can be recovered. Or to speak 
English, the conversion of a pound of water at 212 degrees 
Fahrenheit into steam at the same temperature requires 970 
therms, whereas to heat the water from 32 degrees to 212 de- 
grees requires only 1 80 therms. 

This absorption by a boiling liquid of a large quantity of heat 
was discovered by Joseph Black in 1757. He called it the 
latent heat of vaporization. Since this heat did not raise the tem- 
perature of the liquid, but could be recovered from the steam, 
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and was then as competent to raise the temperature of other 
bodies as heat derived from any other source, Black supposed 
that it must meanwhile have existed in some sort of inactive or 
latent state. 

Steam at ioo degrees centigrade then, contains a great deal 
more heat than water docs at the same temperature. This 
explains why a severe burn is produced by steam, and very little 
by boiling water. The water in cooling from ioo degrees 
centigrade to the temperature of the skin, 37 degrees centigrade, 
gives up only 63 calories per gram. But the steam in con- 
densing and cooling to the same temperature gives up over 600 
calories. 

Steam is therefore very useful for heating purposes. But 
while a pound of steam contains over six times as much heat as a 
pound of water at 2 1 2 degrees Fahrenheit, both being measured 
up from the freezing point, the steam requires sixteen hundred 
times as much space as the water. A volume of water equal to 
that of the steam would contain two hundred and fifty times as 
much heat as the latter. Hence, for storage of heat, water is 
better. It is still the best thing to put in your hot water bottle, 
because you can get so much more in a given space. Steam is 
suitable for heating when there is always a direct connection 
with the boiler, and new steam can be continuously supplied as 
fast as the old steam is cooled and condensed. Since steam 
travels very fast —fourteen hundred feet or more per second, 
depending upon the pressure — heat can be delivered in this 
way very rapidly. 

The 538 calorics per gram that water requires for its vaporiz- 
ation is more than is required by any other liquid. The latent 
heat of mercury is only 63 calories, that of alcohol 207, of 
gasoline 95 calories. It may be interesting to note that the 
liquefied gases have the following latent heats: hydrogen 123, 
oxygen 58, nitrogen 50, air 50, and carbon dioxide 57 calories 
per gram. Although hydrogen is higher than the rest, it is not 
nearly so exceptional in this matter as it is with respect to its 
specific heat. And none of these figures even approaches that 
for water. 

A considerable amount of heat is also absorbed during a 
change from the solid to the liquid state, though not as much as 
during vaporization. This absorption of heat can be demon- 
strated in the following way. Let us fill the inside container of 
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an ice cream freezer with water, and having inserted a ther- 
mometer, surround it with the usual mixture of ice and salt. 
With one part of salt to. three of finely shaved ice, this mixture 
can be made to reach a temperature as low as o degree Fahren- 
heit, and if renewed from time to time can be kept at that 
temperature. The temperature of the water in the container 
descends gradually until at 32 degrees the descent stops. 
Freezing has now begun, and during the whole of this process, 
provided the mixture of ice and water is constantly stirred, the 
temperature remains stationary at 32 degrees. When at last 
all of the water is frozen, the temperature again descends. The 
ice becomes colder, and approximates finally the temperature 
of the surrounding freezing mixture. During the whole of the 
rather prolonged period of freezing, heat must have been con- 
tinually withdrawn from the water by the colder surroundings. 
This is the latent heat of fusion. 

If now we remove the can from the freezer and expose it to 
the warm surroundings, the reverse processes take place. The 
temperature of the ice rises until 32 degrees is reached, and 
melting begins. During this process, the temperature again 
remains stationary, and, if the ice and water are kept well 
stirred, will not rise until the last bit of ice has melted. Then 
the water warms up, and approaches the temperature of the 
surroundings. During the long melting period, heat must have 
been continually absorbed from the warmer surroundings, in 
fact, as exact measurements would show, the same amount of 
heat as was withdrawn from the water during the freezing. 
These facts were also discovered by Black in 1 757. 

The latent heat of fusion of ice is 80 calories per gram, or 1 44 
therms per pound. Almost no substance has a higher value. 
Mercury requires for its melting only 3 calories per gram, lead 
5, and aluminum 77. 

Before the facts of latent heat were discovered by Black, it 
was supposed that the rise in temperature of a substance 
through its melting point was continuous, and that no more 
heat was required than for a similar rise in temperature else- 
where along the scale. If this were so, Black said, the conse- 
quences would be frightful. It would mean that when a block 
of ice had reached the melting point, the addition of a very 
small amount of heat would convert the whole mass almost at 
once into water. Instead of this, we observe that ice, even 
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when exposed to quite high temperatures, melts slowly and 
only on the surface, and does not rise above the melting point 
until it is all melted. Even as things are, Black said, the melt- 
ing of mountain snows is often sufficiently rapid to produce 
great torrents and floods. We may add that ice would be of no 
use in a refrigerator if a very little heat sufficed to melt it ell at 
once. 



VI 

Change of State 


During a change of state there is always a change in volume 
while the temperature remains stationary. This distinguishes 
it from the ordinary thermal expansion which takes place with 
a rising temperature. Figure 2 1 , for instance, is a vt plot of ice, 
water, and steam. The proportion from 32 degrees to 212 
degrees is identical with Figure 13, and shows the volume 
changes of water as the temperature varies between those 
limits. At those limits, however, the line rises vertically, show- 
ing expansions without change of temperature. At the boiling 
point the expansion is enormous, so great that it cannot be 
shown on the scale of this diagram. Hence the vertical line 
representing it is broken. A cubic inch of water at 212 degrees 
becomes nearly a cubic foot of steam, more exactly sixteen 
hundred cubic inches. If the height of the water line at this 
point were one inch, that of the steam line would be 1 33 feet. 
All liquids show similarly large expansions on vaporizing. 
The up slope of the steam line shows the resumption of thermal 
expansion with rising temperature after the liquid has vapor- 
ized. 

The change in volume at the freezing point is much smaller, 
10 per cent for water, and this is larger than for almost any other 
substance. The down slope of the ice line shows that the ice 
contracts as its temperature is lowered, just as any other solid 
does. 

Although water and a few other substances expand on solidi- 
fying, most substances contract, and the volume change is 
usually very small. Paraffin wax, however, contracts con- 
siderably. If a pot of melted paraffin is allowed to cool, a deep 
depression forms at the center of the surface, and resembles the 
di’^nle at the top of an apple. This occurs because the wax 
cot£»!ifcts and, solidifying first around the sides and bottom, 
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the surface is drawn down in the center. Bronze and brass 
contract very slightly. Aluminum contracts so much that good 
castings arc difficult to make. Type metal expands slightly 
and, thus filling every corner of the mold, good sharp castings 
can be made. 

Since water expands io per cent on freezing, a block of ice 
floats with nine-tenths below and one-tenth above the surface 
of the water. It is commonly said that an iceberg floats with 
one-seventh above the surface. This is partly because sea 
water is denser than fresh water, and partly because common 
ice is full of air bubbles which lighten it. 




The expansion of water on freezing causes a good deal of 
damage. It bursts our water pipes, spoils fruits and vegetables 
by bursting their cells, cracks and disintegrates the rocks, thus 
promoting erosion and the removal of the soil to the sea, and a 
late spring frost destioys the young buds and the sap. It 
seems to be an unmitigated nuisance. But if water contracted 
on freezing, the consequences would be far worse — in fact, 
disastrous. In that case ice, as soon as it formed on the surface 
of a pond, would sink to the bottom. The warmer water on 
top would be continually exposed to the freezing weather, and 
would continually freeze and sink. Before long the whole pond 
would be a solid block of ice. Many of our lakes, rivers, and 
harbors would freeze solid. In summer, the water that resulted 
from the first melting would cover the ice below and hin ter the 
warmth from reaching it. And this hindrance would it crease 
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as the melting proceeded, with the result that many of our 
frozen lakes and rivers would never thaw out. The polar caps 
would extend into and cover most of the temperate zones, the 
glaciers would descend deeper into the valleys, and the climate 
of the whole world would become so frigid that only the 
equatorial regions would remain habitable. 

But since ice floats, it remains on the surface and hinders the 
heat from flowing out of the water below. And the thicker 
the ice the greater the insulation. The consequence is that a 
point is reached where further freezing cannot take place, 
however severe or prolonged the cold. Even in the polar 
regions ice never directly freezes to more than six or seven feet 
in thickness. Where it is thicker, it is because it has been piled 
up in jams, or has slid down from the land as glaciers, or be- 
cause snow has fallen on it and congealed to ice. In summer 
the water resulting from the first melting, being heavier, seeks 
every crack and crevice to get under the ice. Thus a fresh 
surface of ice is always exposed to the melting rays of the sun. 
The fact that ice floats thus hinders freezing in winter and 
promotes melting in summer, thereby preventing great accu- 
mulations of ice, which, so to speak, store up the cold of winter, 
and require a good portion of the summer’s heat to thaw them 
out. 

We have seen that in general, when heat is steadily poured 
into a solid, its temperature rises and its volume increases con- 
tinuously. But at the melting and boiling points discontinuities 
occur. At each point, there is a change in volume without 
change in temperature, and the absorption or rejection of a 
latent heat. These are the two essential characteristics of a 
change of state. 

In Chapter II we mentioned that iron expands up to 1650 
degrees Fahrenheit, and then contracts a bit. If a very hot 
piece of iron is allowed to cool, the glow gradually diminishes 
until this point is reached. Then it brightens up for a moment, 
after which the fading is resumed. It is because the iron thus 
seems to reheat itself a bit, that this point is called the recal- 
escence point. There is a pause or discontinuity in the tempera- 
ture drop, the release of a latent heat, and, as we saw in 
Chapter II, a change in volume. In short, we have here all 
the characteristics of a change of state, so that what happens 
has just as much right to this title as those larger and more 
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conspicuous changes from solid to liquid and from liquid to 
gas, with which we are more familiar. We shall see that these 
minor changes of state are quite common. And this change at 
recalescence we saw was due to a rearrangement of the mole- 
cules. This is, in fact, the essential cause of all changes of state. 

A change in molecular arrangement involves a change in 
molecular forces. When the molecules are separated, these 
forces are attractive, diminish rapidly with the distance, and 
at a short distance become insensible. Since we no longer 
conceive the atom as a solid mass of matter, but as made up of 
exceedingly minute protons and electrons and hence nearly all 
space, and the molecule is a collection of atoms, we have to 
adopt some convention as to what shall constitute the boundary 
of a molecule. When the distance between the centers of two 
molecules is reduced to a certain amount, the attraction is 
more or less suddenly replaced by a repulsion, which increases 
very rapidly as the distance is further diminished. We can 
only say that the point where this inversion of force occurs is on 
the boundaries of both molecules, and the two are then in con- 
tact. After all, this is all we could say even if the molecules 
were solid particles. Any closer approach means that the 
boundaries must be pushed in, the molecules themselves com- 
pressed. This is resisted in the same way that an elastic body 
resists compression. When the compressing force is removed, 
the boundaries spring back into shape, so that when two mole- 
cules collide they rebound like elastic bodies. 

In the solid and liquid states, the molecules are, as we have 
said, in contact or nearly so. Hence in these states bodies 
stoutly resist compression, which would largely consist in com- 
pression of the molecules. The) also resist tension, or the 
separation of the molecules. Hence both solids and liquids 
have definite volumes, which can only be altered by force, or by 
change of temperature. The mean distance between the mole- 
cular centers is conserved. 

In the rolid state, furthermore, each molecule is held to a 
fixed position, and any effort to displace it is resisted. If a 
molecule is forcibly displaced, but not too much, it springs back 
to its original position. Now a change in the volume of a body 
involves only a change in the distances between the molecules, 
but a change in shape requires changes in their relative 
positions. Since these are resisted, a solid resists change of 
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shape. It has, as we say, rigidity or form elasticity. When de- 
formed, if not too much, it springs back into shape. 

No liquid is springy in this way. Its molecules slide 
easily over one another like slippery fish eggs, and none has a 
definite place. Hence a liquid flows. It has no definite 
shape, but assumes that of the containing vessel and a level 
surface. 

Every liquid, however, offers some resistance to this sliding 
of its molecules. The liquid may be thin and mobile like alco- 
hol or water and flow easily, or it may be thick and viscous like 
honey or molasses and flow sluggishly. The former will very 
quickly assume the shape of the containing vessel and a level 
surface'; the latter will require more time; but however viscous 
the liquid, it will eventually do these things. Viscosity is hence 
very different from the spring of solids, which eventually stops 
the displacement. Viscosity is a species of internal friction which 
retards the flow, but cannot stop it. So long as the force is 
applied, the flow continues, though it may be very slow. Thus 
molasses will continue to run down hill, even if the slope be 
gentle, so long as there is any hill to run down. 

This flowing, which is so characteristic of liquids, can be 
induced, under certain conditions, in solids. If a sufficient 
force is applied to the molecule of a solid, it may be shifted to a 
new position. And if the force is not so great as to tear the 
molecule completely away from its neighbors, that is, to break 
the solid, then, when the force is removed, the molecule will 
adopt its new position and maintain it vigorously, just as it did 
the old one. In short, the piece has now received a permanent 
deformation or set as we call it, and is now springy with respect 
to the new form as it was with respect to the old one. Thus 
when a steel saw has become bent, it always springs back to the 
bent shape. 

A force sufficient to produce a permanent set is said to exceed 
the elastic limit. If such a force— insufficient, however, to break 
the piece — is maintained, a continual shift or sliding of the 
molecules over one another will be produced, and will continue 
as long as the force is applied. This is a flowing of the sub- 
stance precisely like that of a liquid. The only difference is 
that it is far more highly resisted. The viscosity of a solid is 
thus much greater than that of a liquid. 

The distinction between a solid and a liquid therefore con- 
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sists not in the fact that a solid cannot flow, but in the fact that 
to produce a flow the force must exceed a certain amount, 
namely, the elastic limit. Loads up to this limit are perman- 
ently supported. Thus our columns and beams, if not over- 
loaded, continue to hold up our buildings indefinitely. Solids 
thus possess a limited rigidity. Liquids, on the other liand, 
possess no rigidity. The smallest force will produce some 
flow, no matter how viscous the liquid. And the flow will 
continue, that is, the deformation will increase, as long as the 
force is applied. 

In general, only a limited amount of flow can be produced 
in a solid without breaking it. When this amount is very small, 
the solid is said to be brittle; when it is large, the solid is ductile 
or plastic. Indeed, some solids seem to have no springiness at 
all, since they can be bent or twisted into any shape we desire. 
But they must have some, for otherwise they would not retain 
the shapes we give them. 

Flowing always takes time. Every one knows that, in order 
to bend an object that is not very ductile, the job must be done 
slowly and carefully. The elastic limit must be exceeded, but 
the breaking point must not be reached. It is therefore often a 
ticklish business, which cannot be hurried. 

Since to hold a molecule to a fixed place requires stronger 
forces, and hence a closer packing, than merely to hold it to a 
fixed distance, and some solids are less dense than their liquids, 
the rigidity of these solids must be due to a closer packing of the 
molecules in some places than in others. These strong parts 
run through the mass like the framework of a building. Hence 
a solid has structure. And the structure of a solid consists in 
having a place for evei / molecule, and every molecule in its 
place, except in so far as it is compelled by force to alter its 
place. 

A liquid, instead, is structureless. No molecule has a definite 
habitation, but wanders from place to place. On the whole 
they are uniformly distributed, for which reason a liquid is 
isotropic, that is, has the same properties in all directions. 
Usually, also, it is clear or transparent, except when it is a 
metal, for all metals are opaque. A solid is usually anisotropic 
and opaque. 

The structures of solids are of three sorts. In one type the 
molecules are arranged in a geometrical pattern, in straight 
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lines and planes that meet at very definite angles. This is the 
crystalline type. Such a solid has a definite melting point, 
fuses or solidifies bit by bit at a constant temperature while 
absorbing or rejecting a latent heat. This is the type we have 
already described. 

In the second type the structure is irregular. In places the 
molecules are clumped together, in others more widely separ- 
ated. The fracture of such a solid shows a grain, but no crystal 
facets. This is the amorphous or formless type. It includes such 
substances as fats, gums, resins, waxes. These solids have no 
melting points. When heated, they gradually soften through- 
out the whole mass, becoming first pasty, and then a thick fluid, 
which thins as the temperature is raised. 

This sort of melting is similar to what all melting was sup- 
posed to be like before the days of Black, and which he said 
would be so disastrous in the case of ice. If heat is supplied at a 
constant rate, there is no halt in the temperature rise while a 
large latent heat is absorbed, as is the case with crystalline 
solids. However, there is a slowing up in the temperature rise, 
an increased rate of softening over a certain temperature range, 
so that while a definite latent heat cannot be assigned, more 
heat is absorbed along this range than along an equal range 
elsewhere on the scale. The whole change seems to be merely 
one of viscosity, which becomes more rapid in this neighbour- 
hood. The nearest approach we can make to a definite melt- 
ing point is to assign the point at which this change is fastest. 

In fact these substances even in their so-called solid states are 
more like highly viscous fluids than like true solids. For the 
smallest force steadily applied will produce in them a contin- 
uous yielding or flow. Thus a stick of sealing wax supported 
at its two ends will gradually sag in the middle of its own weight, 
though the amount may be perceptible only after several hours, 
conspicuous only after several days. Much depends upon the 
temperature, for the viscosity of these substances varies greatly 
with the temperature. Wax candles will bend over and droop 
on a warm day until they are almost double. But if you try to 
straighten one up, you will surely break it, unless you are willing 
to spend an hour or so at the job. A penny placed on a piece 
of tar will gradually sink through it and the tar will close in 
over it. 

In this connection the author may perhaps tell a little story 
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on himself. He owned at one time a small house in California 
near an abandoned oil field. The ground all about was 
covered with a layer of a tarry substance several inches thick. 
He wished to plant a garden in his back yard. But it was neces- 
sary first to remove the tar. At first he went at it energetically 
with a pickax, intending to break it up by main strength and 
stupidity. After an hour’s hard work, almost nothing had been 
accomplished. Then he bethought himself of his. physics. 
“This is a tarry substance,” he said. “It will not yield to 
violence. We must use persuasion.” So he drove his pickax 
under the edge of the tar, wedged a rock under the pick as a 
fulcrum, and stood on the other end. For a minute or so 
nothing seemed to happen. Then gradually the tarry layer 
rose, until at last a fine big piece broke off. In this way the 
whole yard was finally cleared with less fatigue than the first 
hour had cost. Thus it sometimes pays to know something — 
especially if you arc lazy. 

The third type of solid is still more formless than the preced- 
ing. The molecules arc uniformly distributed, precisely as in a 
liquid, but fixed in their positions instead of wandering. Like 
the liquids, they are isotropic, and generally clear or trans- 
parent. A fracture is smooth, and shows neither grain nor 
crystal facets. 

But far from being soft and plastic like the amorphous bodies 
already discussed, these substances when cold are among the 
most solid of the solids. They are extremely rigid, hard, and 
brittle. They permit of scarcely any flowing at all. Like the 
other amorphous bodies, they soften as their melting points are 
approached, but the softening does not begin until quite close 
to these points, and is then quite rapid. They can then flow 
tremendously, and be drawn out into long fine threads. These 
are the glasses, of which window glass is one variety. The 
nature of these substances, however, will be discussed in 
Chapter XII. 

Finally in the gaseous states the molecules are so widely 
separated that they arc most of the time quite beyond the 
effective range of their mutual attractions. They only come 
within that range during the brief moments of collision, but 
immediately rebound and separate again. They are on the 
whole uniformly distributed. 

The mechanical theory of heat affords a ready explanation of 
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these changes of state. According to this theory, as we have 
seen, heat is a species of molecular agitation, which increases 
with the temperature. In the solid state the molecule oscillates 
about its mean position. As the temperature rises, the in- 
creased knocking of the molecules against one another thrusts 
them 1 farther apart. The body expands. When a certain tem- 
perature is reached, the oscillations become so large that the 
displacements exceed the elastic limit. The molecules can no 
longer be held in place. The solid structure disintegrates. 
The substance flows. It becomes liquid. 

To tear a molecule away from its neighbors requires energy, 
and this is furnished by the heat supplied. The heat that is 
used up in this way cannot produce any increased thermal 
agitation, for that would mean to eat your cake and have it too. 
Hence occurs the considerable amount of heat absorbed with- 
out change in temperature, the latent heat, in the case of the 
crystalline solids, and the excess of heat absorbed during a re- 
tarded rise in temperature, in the case of the amorphous bodies. 
Although this heat apparently disappears, the energy it repre- 
sents remains in the potential form. The molecules have been 
separated against their mutual attractions. This is like separ- 
ating stones from the earth. The energy consumed in lifting 
them can be regained when the stones are allowed to fall upon 
the earth again. Hence we say that this energy has mean- 
while existed in the potential form. We could just as well have 
said that it existed in a latent form. And so the heat energy 
consumed in lifting the molecules can be recovered when, by 
lowering the temperature, they are allowed to fall together again. 

Just as it takes time to demolish a building, so it takes time to 
disintegrate a solid. And the time required depends upon how 
fast heat energy is supplied for the work. We might do our 
demolition job by putting all the workmen on the roof and 
having them break off pieces one at a time until the entire 
building is razed. This is how it happens with a crystalline 
solid. Or we might distribute the workmen all over the 
building, and set them to prying the stones loose until the whole 
building collapses. This is how an amorphous body disinte- 
grates. Notice how a pat of butter, as it is warmed, gradually 
slumps. 

In the liquid state, the molecular forces are no longer strong 
enough to hold the molecules to fixed positions, but only to a 
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fixed average distance apart. The molecules oscillate about this 
average distance. As the temperature rises and the thermal 
agitation increases, the molecules elbow themselves farther and 
farther apart until at last they are just at the boundaries of their 
spheres of effective attraction. A little excess of thermal 
agitation in some part of the liquid will then enable a £roup 
of molecules to push their surrounding neighbors quite out of 
the way, and form a bubble of vapor. This occurring repeatedly 
and at many places, the liquid boils. Again the energy for 
pushing the molecules apart is drawn from the heat supplied, 
and is represented by the latent heat. There is here no 
distinction between crystalline and amorphous bodies, for all 
liquids are structureless. All have sharp boiling points, and 
absorb a large latent heat in boiling. 

Finally, in the gaseous state, the molecules released from all 
effective restraint fly about independently, and push and jostle 
one another apart indefinitely, or until they are stopped by the 
walls of a retaining vessel, or in the case of an atmosphere by the 
gravitational attraction of the planet. As early as 1738, the 
mathematician Daniel Bernoulli suggested that the indefinite 
expansion of a gas was thus due to its flying molecules, and not 
to a repulsive force as Newton had supposed. He was even 
able to show mathematically that on this assumption a pressure 
would be produced, by the impacts of the molecules on the 
walls of a retaining vessel, that obeyed Boyle’s law. In 1857 
Clausius further showed that if the average kinetic energy of the 
flying molecules is proportional to the absolute temperature of 
the gas, Gay-Lussac’s law would also be obeyed. These two 
propositions form the basis of the modern kinetic theory of gases. 

At a given moment, of course, the molecules will not all be 
flying with the same speed. Some will be flying faster, others 
more slowly than the average. It is the average velocity that 
determines the temperature. Similarly in a liquid or in a solid, 
the molecular heat agitation will vary from place to place about 
a mean value. These fluctuations were shown by Maxwell in 
1859 to follow the laws of probability. This is the basic 
theorem of the modern statistical mechanics, which, combined 
with the quantum theory, is to-day largely displacing the 
mechanics of Newton, at least so far as atomic and subatomic 
physics are concerned, and leading to a “Principle of Uncer- 
tainty” and other startling things. 
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Evaporation 


Somewhat akin to the vaporization of a liquid that takes place 
at the boiling point, is the slower process of evaporation that 
occurs at all temperatures. The rate of evaporation increases 
with the temperature, and depends upon how near the tem- 
perature is to the boiling point of the liquid. Hence liquids 
of low boiling point are more volatile at ordinary temperatures 
than those of high boiling points. But whereas boiling is a 
process that involves the whole liquid, evaporation takes place 
only at the exposed surface, hence increases when the latter is 
enlarged. 

Above the surface of a liquid, there is always a certain amount 
of its vapor. The presence of this vapor is a hindrance to 
further evaporation. Its removal promotes the process. 
Therefore, when a pan of water is set out in a breeze, it dries up 
faster than when set out where the air is stagnant. If, instead, 
a liquid is shut up in a bottle tightly corked, so that none of the 
vapor can escape, then the space above the liquid soon becomes 
so charged with vapor that it can hold no more. Evaporation 
then ceases, and the vapor is said to be saturated. 

Heat is required for evaporation just as it is for boiling. But 
in this case the heat is drawn from the liquid itself, which is 
thereby cooled. The faster the evaporation, the greater the 
cooling. It is therefore greater for the more volatile liquids, 
such as alcohol, gasoline, or ether, as one may roughly verify 
by sticking his finger successively in these liquids, and then 
holding it up to the air. 

The cooling produced by evaporation is used in many ways. 
Nature makes use of it to cool our bodies, by bathing them with 
perspiration. We promote the process by fanning ourselves, 
thus driving the vapor away. Similarly we cool our soup by 
blowing on it — lightly, so that no one will notice. The 
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Mexicans cool their drinking water by keeping it in porous 
vessels. The water seeps through to the outside and evaporates. 
The surgeon uses a very volatile liquid to freeze a portion of the 
skin that requires a minor operation. 

These phenomena of evaporation are readily explained by 
the kinetic theory. Suppose that a molecule on the surface 
of a liquid happens to be considerably more agitated than the 
average. Its super-agitation may become sufficient to enable 
it to break away from its neighbors, and shoot out of the liquid. 
Every second, in fact, there will be a certain proportion of the 
surface molecules that reach this degree of excess agitation, and 
escape. The proportion increases as the temperature rises. 
Hence the rate of evaporation increases with the temperature. 
When the boiling point is reached, the average agitation becomes 
equal to that required for escape, so that the molecules no 
longer escape only one by one and only from the surface, but in 
bunches and within the body of the liquid, wherever a slight 
excess of agitation enables them to push their fellows aside and 
form a bubble. 

Now, since it is only the more lively molecules that can jump 
out of the liquid, the average kinetic energy of those that remain 
behind is reduced. Hence the liquid is cooled. And since 
the escaping molecules carry away more than their fair share of 
the kinetic energy, the vapor is warmer than the surroundings. 
But if these livelier molecules hang around, some of them are 
likely to shoot back into the liquid, and in fact do so. This of 
course reduces the net rate of evaporation. Hence if the vapor 
is removed by a breeze, by an air pump, or otherwise, the net 
rate of evaporation and the cooling of the liquid are increased. 
In fact, a liquid may be made to freeze, itself by this means. If, 
instead, the liquid is put into a sealed container so that the 
vapor cannot escape, then, as evaporation proceeds, the vapor 
becomes continually denser; increasing numbers of molecules 
shoot back into the liquid until the number shooting back are 
equal to those shooting out. The liquid is then said to be in 
equilibrium with its vapor. No further change then takes place 
in the proportion of liquid to vapor, and both assume the same 
temperature. 

At low temperatures evaporation becomes exceedingly slow. 
Nevertheless it goes on. There will always be now and then a 
molecule that attains the critical escape velocity, just as in a 
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sufficiently large group of men there will always be an out- 
standing individual, no matter how dull the rest. Since in a 
drop of water, there are at least a billion times a billion mole- 
cules, the chances are good that a few will be highly exceptional. 

The atmospheres of planets “evaporate” in a very similar 
fashion. Every now and then in the upper layers, a few mole- 
cules acquire a high enough outwardly directed velocity to 
escape from the gravitational attraction of the planet, and 
wander off into space. The “escape” velocity for the earth is 
seven miles per second, for the moon one and one-half, for 
Mercury two and one-half, for the sun 380 miles per second. It 
depends upon the size and density of the body. Also, the 
heavier the gas, the more sluggish its molecules. Hence the 
earth retains oxygen and nitrogen, but not helium or hydrogen. 
The moon and Mercury retain no atmospheres at all, whereas 
the sun and stars retain all the gases including great quantities 
of helium and hydrogen. But however strong the gravitational 
attraction and however heavy the gases, some evaporation goes 
on, so that the stars and planets would eventually lose all their 
atmospheres, if the supplies of gas were not constantly renewed 
from the body of the planet or star. 

How far does the earth’s atmosphere extend? That is a 
difficult question to answer. As we ascend, the air becomes 
rarer and rarer, so that the question becomes — when is a gas 
not a gas? When do the molecules become so scattered that 
they must be considered as individual wanderers, rather than as 
members of a community ? 

Meteor trails have been observed at a height of one hundred 
miles, so that at this height the molecules, few as they may be, 
are still fairly uniformly distributed. But somewhere above this 
region we enter another, which is occupied only by molecules 
that have shot out from the region below, but with insufficient 
velocity to escape, and which therefore fall back again. This 
region is full of cascading molecules which shoot out in all 
directions and fall back again, like the stars of a Roman candle. 
Still higher we come to a region into which some molecules have 
shot with a velocity so great that they no longer fall back, but 
yet the velocity is not sufficient to carry them away entirely. 
Hence they execute elliptical orbits about the earth, much like 
comets about the sun. Still beyond we shall encounter here 
and there a molecule that has shot out with parabolic velocity 
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or more, and which is leaving the earth forever. One cannot 
say how high the atmosphere extends, or if it ever really ends. 

Even solids evaporate, though usually, of course, with ex- 
treme slowness. Nevertheless, in some cases, and particularly 
near their melting points, the evaporation of solids becomes 
quite appreciable and important. Thus naphthalene* moth 
balls, which melt at 176 degrees Fahrenheit, considerably 
under the boiling point of water, reduce in a few months’ time 
to the size of peas, and eventually disappear altogether. The 
filaments of tungsten lamps, which run at temperatures as high 
as 5000 degrees Fahrenheit, while the melting point of tungsten 
is 5600 degrees, evaporate, and the vapor condenses on the 
cooler walls of the bulb. This causes the blackening of the 
bulb. The whole arrangement is virtually a distilling appara- 
tus, which causes the lamp to dim with age, and ultimately to 
burn out. 

Everything, then, evaporates. All liquids and solids, what- 
ever their temperatures, are slowly being converted into vapor. 
The greater part of the universe is already gaseous. All the 
stars are gaseous, and enormous masses of gas, as bright or as 
dark nebulae, are floating about in space. Only on the earth 
and on other small cold bodies do we find liquids and solids pre- 
dominating. V'e live amid exceptional circumstances. 

This universal evaporation was once made the basis of an 
argument, by the astrophysicist Zollner, that the universe could 
not possibly have had an infinite past. In that case, he said, 
everything would have long since already evaporated. 



VIII 

Effects of Pressure 


In the preceding chapters we have spoken of the boiling points 
of liquids, as though each liquid had but one, and that one 
were always the same. That is not true. The boiling points 
vary with the pressure. In order for a bubble of vapor to form 
in the body of a liquid, it must push back the surrounding liquid 
that presses in upon it from all sides. This pressure, a short 
distance below the surface, is substantially the same as that of 
the atmosphere (or of whatever other gas or vapor may be 
present) upon the surface of the liquid. If this pressure is 
increased, a greater expansive force, a greater thermal agita- 
tion, a higher temperature, will be required to form a bubble. 
Increase of pressure, therefore, raises the boiling point, and, 
conversely, decrease of pressure lowers it. When we speak of 
the boiling point of a liquid, we mean its boiling point at a 
pressure of one standard atmosphere, which is 14.7 pounds per 
square inch, and corresponds to a barometer height of 76 
centimeters or 29.92 inches. 

If we stop up the spout of a kettle and clamp down the lid, 
the pressure within will rise, and so will the temperature. This 
is the principle of the steam boiler and of the pressure cooker. 
By allowing the pressure to increase to a point regulated by the 
safety valve, the temperature of the water can be raised con- 
siderably above its ordinary boiling point. This means a more 
efficient engine in the one case, and more effective cooking in 
the other. Conversely, if we attach a hose to the spout, conne< l 
it with an air pump, and draw off the vapor, the water will boil 
at a lower temperature. When one ascends a high mountain, 
the air pressure diminishes, and boiling takes place at a lower 
temperature. For this reason it is difficult to make good coffee, 
or to cook by boiling, unless a pressure cooker is used. 

The lowering of the boiling point by reduced pressure can 
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easily be shown by the simple apparatus of Figure 22. The 
inverted flask contains water just under 212 degrees Fahren- 
heit. By squeezing a sponge full of cold water over the ‘flask, 
some of the vapor within is caused to condense on the glass. 
This reduces the pressure, and the water immediately boils. 

A more satisfactory and complete demonstration, hotvever, 
can be made with an air pump. By rapidly exhausting the air 
and vapor above a liquid, the boiling temperature can be 
lowered any amount we please, even down to the freezing 
point. 



FIG. 22 -BOILING AT REDUCED PRESSURE 

This principle is applied in the vacuum pan, used in the 
manufacture of sugar and in other industries. The juices 
which have been squeezed out of the sugar cane must be boiled 
down to remove the greater part of the water. But sugar is 
very easily burnt. Hence the boiling temperature is lowered by 
reducing the pressure by means of a pump. One might expect 
in this way to save some of the fuel required for the boiling, but 
the working of the pump consumes more than is saved. 

A knowledge of the temperatures at which water boils under 
different pressures is of importance in two great fields — steam 
engineering and meteorology. Accordingly in 1 847 Regnault, 
at the instance of the French Government, began a long series of 
accurate measurements covering a large range of pressures. His 
results, extended by later investigations, are shown graphically 
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by the curve in Figure 23, which is called the steam line. The 
boiling points of other liquids give similar curves, which we shall 
also call steam lines for short. 

On account of the great range of pressures involved, it is 
impossible to get the whole of this curve within the compass of a 
single 'conveniently sized diagram, if it is drawn to a uniform 
scale in the usual way. We have therefore plotted horizontally 


0 



FIG. 23 — THE REGNAULT STEAM LINE 


the cube roots of the temperatures, and, vertically, the fourth 
roots of the pressures. By this device the diagram is com- 
pressed in the region of the higher pressures and temperatures, 
and stretched out in that of the lower ones. This is desirable 
because the lower part of the curve’ is the more important, for 
pressures above four hundred pounds are seldom used. If the 
pressures had been plotted to a uniform scale, each pound being 
represented, say, by the height at which one pound stands on 
this diagram, the four hundred-pound level would have stood 
at a height of about thirteen feet, while the rest of the diagram 
would have extended to over one hundred feet. This, to say 
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the least, would be very inconvenient. It was not so necessary 
to compress the temperature scale, but it has been done to 
prevent undue distortion of the curve, and to make this 
diagram correspond to that of Figure 36, on page 109, of which 
it is a part. The real temperatures and pressures, not these 
roots, have been marked on the scales. Hence they oan be 
read in the usual way. 

From the curve we can read the boiling points corresponding 
to various pressures. For example, at a pressure of one 
atmosphere, 14.7 pounds, as read on the vertical scale, we find 
the boiling point at B on the curve to be 212 degrees, which 
number is read on the bottom scale. Similarly we may find 
from the curve, that in a steam boiler at 100 pounds pressure, 
the temperature will be 328 degrees, and at 500 pounds, 467 
degrees, etc. We must here remark, that the pressures shown 
by a steam gauge are pressures above the atmosphere. To 
get the total or absolute pressures, which we here use, that of the 
atmosphere must be added to the gauge readings. We should 
also say that for exact work, readings from a curve drawn to a 
small scale, such as this one, are much too inaccurate. For 
such work, a steam table is used, where all these results and many 
others useful to engineers are tabulated. 

Conversely, we can find from the curve the pressures at 
which water boils for given temperatures. For example, if we 
wish to boil water at room temperature, 70 degrees, we shall 
find that we must reduce the pressure to 0.36 pounds. If we 
wish to boil it at the freezing point, we must reduce the pressure 
to 0.089 pounds, corresponding to a barometer height of 0.18 
inches, which is a pretty good vacuum. 

The highest boiling point given on the curve is 689 degrees, 
which is attained at a pressure of 2947 pounds per square inch. 
Here the curve abruptly ends, for the reason that above this 
temperature water cannot exist in the liquid form, no matter 
what the pressure is. This is called the critical temperature , of 
which more later. 

For a given pressure, the temperature at which water boils 
is the same as that at which steam condenses. It is therefore 
indifferent whether we say that the steam line gives the boiling 
points of water, or the condensing points of steam. They are 
the same thing. At every point of the curve a mixture of both 
states is present. The water is at the boiling point, the steam 
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is at the condensing point. If heat is added to the mixture, the 
water boils. If heat is abstracted, the steam condenses. Hence 
the two states are in equilibrium, and the steam is saturated . 
The curve is the equilibrium line for a mixture of water and 
steam. At all points of the diagram to the left and above the 
curve,* the substance is wholly liquid. At all points to the 
right and below, the substance is wholly vapor or gas. The 
curve is hence the boundary line between these two states, and 
wherever we cross it, we pass from the one state to the other. 

Hence a vapor in contact with its liquid is always saturated. 
It is impossible to raise its temperature above the boiling point 
corresponding to the pressure, for the addition of heat merely 
causes more water to boil off, and the temperature remains 
unaltered. Conversely, it is impossible to cool the vapor below 
this temperature, for the abstraction of heat merely causes the 
vapor to condense, again at constant temperature. At least this 
is ordinarily the case. We shall note some exceptions later. 
But if a vapor is separated from its liquid (drawn into a separate 
container), its temperature can be raised above the boiling 
point corresponding to the pressure by any amount we please. 
The vapor is then said to be superheated. This is the condition 
of the substance below the steam line. 

If a small amount of liquid is shut up in a sealed container, 
so that the total volume is kept constant, the liquid, as we have 
seen, evaporates until the vapor in the space above it becomes 
saturated; that is, until the pressure of the vapor is that for 
which, at the prevailing temperature, the vapor is just about to 
condense. This is also the pressure at which the liquid would 
boil at the prevailing temperature. Hence the vapor is at the 
condensing point, and the liquid is at the boiling point. We 
are on the steam line. If heat is added to the mixture, its 
temperature rises, more water evaporates, and the vapor pres- 
sure rises until it is again at the saturation pressure correspond- 
ing to the higher temperature. We are still on the steam line. 
We have simply moved up a bit. Conversely, if heat is removed, 
the temperature falls, vapor condenses, and the vapor pressure 
diminishes until it is again at the saturation value corresponding 
to the lower temperature. We move down the steam line. 

What we have described is a species of boiling and conden- 
sing at constant volume , whereas these processes are commonly 
carried out at constant pressure. Thus, if we cork up some water 
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in a bottle at 70 degrees Fahrenheit, the water will evaporate 
until the vapor pressure reaches 0.36 pounds, and then evapora- 
tion stops. This is the saturation pressure for that temperature 
— and the liquid is at the boiling point for that pressure. If 
we raise the temperature to 100 degrees, the vapor pressure 
rises to 0.95 pounds ; at 2 1 2 degrees it reaches one atmosphere 
or 14.7 pounds; at higher temperatures, it reaches still higher 
pressures, always as indicated by the steam line at the corres- 
ponding temperatures. We have now virtually «a steam 
boiler, and this in fact is precisely what happens in such a boiler 
while we are “getting up steam,” for this is also a constant 
volume operation. The pressure and temperature conjointly 
rise, keeping always to the steam line, until the opening of the 
safety valve puts a stop to the pressure rise, and consequently 
also to the temperature rise, and boiling then proceeds in the 
usual way at constant pressure and at constant temperature. 

If wc have the proper proportions of liquid to vapor in a 
sealed container, we can in this way run all the way up and 
down the steam line, and even run off the end. What happens 
then will be described later. If there is too little liquid, all of 
it may boil off at some point, and we then branch off into the 
vapor region. If there is too much liquid, all the vapor may 
condense prematurely, and we then run off into the liquid 
region. 

In the ordinary processes of boiling and condensing, the 
pressure is maintained constant by external circumstances. The 
temperature then automatically remains constant, and cannot 
be altered. Conversely, if the temperature is maintained con- 
stant by external means, boiling and condensing then take 
place at constant pressure, and the pressure cannot be altered. 
Suppose, for example, that a mixture of liquid and vapor is con- 
tained in a cylinder having a movable piston, and that the 
whole is immersed in a large water bath by which the tem- 
perature is kept constant. We endeavor to compress the vapor 
by pushing in the piston. We shall not succeed, at least if we 
go slowly. The pressure remains unchanged, the vapor 
merely condensing. Ordinarily the compression of a gas heats 
it. But in this case the heat of compression is at once absorbed 
by the water bath, so that the temperature is not changed. 
What we do in effect is to squeeze the latent heat of the sub- 
stance out into the surroundings. Conversely, if we endeavor 
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to reduce the pressure by withdrawing the piston, we shall not 
succeed. The liquid at once boils, and keeps the space filled 
with its vapor at the saturation pressure. In this case we suck 
up, fo to speak, the latent heat required for the boiling from the 
surroundings. 

A form of this experiment can readily be carried out with the 
apparatus shown in Figure 24. This consists of two baro- 
meters a and b, which are prepared in the following way. A 
glass tube, something over a yard in length and closed at one 
end, is filled with mercury, and then while the open end is 
stopped with the finger, the tube is inverted, and this end dipped 
into a cistern of mercury. The finger is removed, and the 
mercury in the tube then descends to a height of about thirty 
inches above the level in the cistern. This represents the 
atmospheric pressure. In descending, the mercury leaves 
above it a completely empty space — the Torricellian vacuum. 
The tube at a is left in this condition. Into the one at b is 
introduced a small amount of ether. This is done by means ol 
the little syringe with the crooked spout shown at C. The 
spout is inserted under the open end of the barometer, and some 
of the contained ether is squeezed out. The ether ascends the 
tube in bubbles till it reaches the top. The first few drops 
evaporate immediately, and the pressure of the vapor thus 
formed depresses the mercury column. The depression in- 
creases as more ether is introduced. But at last it stops, and 
some of the ether remains in liquid form on top of the mercury. 
More ether then produces no further depression, except by the 
very light weight of the additional liquid. We have now 
reached the maximum or saturation pressure of the ether vapor. 
The condition of the apparatus at the end of these operations is 
shown at A in the figure. 

We could have used water for this experiment. But the 
saturation pressure of water vapor at 70 degrees is only a third 
of a pound, and this would have depressed the mercury column 
by only two-thirds of an inch. Ether is much more volatile. 
Its saturation pressure at 70 degrees is 8.4 pounds, and this 
depresses the mercury column 17 inches. The effect is con- 
spicuous and surprising. 

The mercury cistern has a deep well in the center into which 
the tube b can be lowered. As we do this, we shall observe 
that the mercury column does not sink with the tube, but 
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remains at a fixed height, so that the space above it in the tube 
diminishes. At the same time the quantity of liquid ether in 
the tube increases. This stage of affairs is shown at B. Some 
of the vapor has condensed. But the constant height of the 
mercury column shows that the vapor pressure has remained 
unchanged. It is still at the saturation value of 8.4 pounds, 
and still depresses the mercury column by 17 inches. The 



FIG. 24 — DEEP CISTERN BAROMETER EXPERIMENT 
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tube must of course be lowered slowly to give time for the latent 
heat released by the condensation to be dissipated to the sur- 
roundings. 

If the tube is further lowered, the condensation continues, still 
without change of pressure, until the ether is completely lique- 
fied. ( Further lowering of the tube then pushes the mercury 
down, for the top of the tube is now against a plug of liquid, 
which is well-nigh incompressible. 

By raising the tube, all these operations are reversed. The 
mercury rises with the tube until the ether begins to boil. 
From then on it remains at a constant height until all of the 
ether has vaporized. If it is possible to raise the tube still 
further without pulling it out of the cistern, the mercury 
column will again rise, but more slowly now than the tube, 
showing that as the volume of the now superheated vapor is 
increased, its pressure diminishes, just as occurs with any gas. 

The ordinary process of boiling, as when we put a kettle of 
water on the stove, is represented on the Rcgnault diagram 
(page 66) by the constant pressure line PBB'. We start at P 
with the water at 70 degrees, and one atmosphere pressure. 
As we add heat, the temperature rises, and we move along PB, 
until at B we reach 212 degrees and boiling begins. Here, 
there is a long pause in our progress along the line, for the 
temperature does not again rise until all the water has boiled off. 
Then the steam remaining in the kettle is superheated along the 
line BB ' , and could have been continued indefinitely. If now 
we allow the kettle to cool, we retrace our steps. The steam 
cools along B'B. At B the saturation temperature is reached, 
and condensation begins. Again a long pause until this process 
is completed, and only water is present. The latter then cools 
along BP, until at P wc are back at the starting point. 

We have now less water than before because most of the 
steam has escaped. But suppose we had heated the water at 
the bottom of a very tall cylinder provided with a frictionless 
piston, whose weight was such that it maintained a constant 
pressure of 14.7 pounds on the contents of the cylinder. The 
steam resulting from the boiling would then simply push the 
piston up, and all of it would be saved. The process would 
then be completely reversible. In this case we must note that 
the piston and the sides of the cylinder must be non-conductors 
of heat, for otherwise the steam will condense from loss of heat. 
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Also the cylinder must be very tall, for the volume of the steam 
is sixteen hundred times that of the water from which it is 
derived. If we started with an inch of water on the bottojn of 
the cylinder, the latter would have to be 1 33 feet high to accom- 
modate the resulting steam. This large expansion and the 
similar contraction during condensation take place during the 
pause at B. They do not show on the Regnault diagram, 
because this being a pt plot, shows only relations of pressure and 
temperature. To show also the volume changes would require 
another dimension. 

A liquid, we have seen, can also be brought to boil without 
changing its temperature, by simply reducing the pressure, as 
by means of a vacuum pump. Since the function of the pump 
is merely to enlarge the volume, we may imagine this process 
also carried out in a very tall cylinder provided with a piston 
which wc gradually raise. We thus produce the required 
enlargement of volume by a single long stroke, instead of by a 
succession of short ones as with the pump. The process is 
essentially the same as that of our deep cistern barometer. 
Let us start again with water at 70 degrees, and the piston pres- 
sing directly upon it with a pressure of 14.7 pounds per square 
inch. As we raise the piston the pressure diminishes, and we 
must now suppose the cylinder such a good conductor of heat, 
that the prompt inflow of heat from the surroundings keeps the 
temperature constant. Wc thus descend the constant tempera- 
ture line PA A' on the Regnnult diagram. At A we reach the 
boiling pressure corresponding to 70 degrees. Here there is a 
very long pause in the descent, for although the piston is being 
continually withdrawn, the liquid is vaporizing, and the 
pressure docs not drop. The increase in volume at this tem- 
perature is much greater than at 212 degrees. It is no less than 
fifty-four thousand times. Hence, if wc start with an inch of 
water, we shall require a tube forty-five hundred feet high to 
accommodate the vapor. This tremendous volume is due to 
the low pressure, 0.36 pounds. When at last the liquid is com- 
pletely vaporized, further withdrawal of the piston reduces the 
pressure, and we continue the descent along AA' . Despite the 
moderate temperature, the steam is now superheated, for at A' 
the pressure is 0.089 pounds, which corresponds to a boiling 
point of 32 degrees. The steam at 70 degrees is therefore above 
the vaporization temperature corresponding to its pressure, and 
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so by our definition above is superheated. Superheated steam 
is therefore not necessarily excessively hot, as its name would 
suggest, although the kind that the engineer deals with usually 
is. But the meteorologist often has to do with superheated 
steam that is extremely cold, that is even below the freezing 
point. 

We can now reverse our whole experiment by pushing the 
piston ir\, condensing the vapor, and eventually returning to the 
starting point. During the expansion process, heat had to be 
absorbed from the surroundings to keep up the temperature, 
and to provide the latent heat of vaporization. During the 
contraction, heat had to be rejected to the surroundings to keep 
the temperature down, and to remove the latent heat. 

The freezing points are also affected by pressure, though to a 
far less extent than the boiling points. Also we find opposite 
effects depending upon whether the substance expands or con- 
tracts on solidifying. If it expands, pressure will hinder the 
process; if it contracts, pressure will aid it. Hence we may 
reasonably expect that when the pressure is increased, bodies 
that expand will require a greater cold, those that contract, a 
lesser cold, to solidify them. These are indeed the facts. 
Increase of pressure lowers the freezing point of a substance 
like water which expands, and raises that of one like paraffin 
which contracts on solidifying. The effect, however, is ex- 
tremely small. An increase in pressure of one atmosphere 
lowers the freezing point of water only 0.013 Fahrenheit 
degrees, and raises that of paraffin 0.036 degrees. The effect 
is very nearly proportional to the pressure, so that at 
seventy-eight atmospheres, or 1170 pounds per square inch, the 
freezing point of water is lowered one degree. The effect de- 
pends also upon the magnitude to the volume change on solidi- 
fication, so that for nearly all other substances it is smaller than 
for water or paraffin. 

It was at one time thought that the force of expansion when 
water froze was irresistible. The idea seems to have been that il 
the temperature is below freezing the water simply must freeze, 
must expand, and therefore must overcome any resistance that 
opposed it. Indeed, very powerful effects can be produced. 
Great weights can be lifted by the expansion of water on freez- 
ing. Huygens succeeded in bursting a cannon by freezing 
water contained in it. But there are no irresistible forces in 
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nature. This giant though strong is not of unlimited strength. 
If the temperature is 31 degrees Fahrenheit, a part of the water 
in a confined space will freeze until the expansion has produced 
a pressure of 1 1 70 pounds. If the container is strong enough to 
withstand that, the rest of the water simply will not freeze, and 
there will be no bursting. If the temperature is 30 degrees, the 
freezing will stop at 2340 pounds, and so on. At each tem- 
perature there is a definite limit to the expansive foiye. Be- 
sides, modern investigation has shown that at —8 degrees 
Fahrenheit, at which a pressure of 31,500 pounds per square 
inch is reached, the freezing point ceases to be lowered by 
increased pressure. Thereafter it rises, and the water, instead 
of expanding, contracts on freezing, as will be more fully ex- 
plained in the next chapter. 31,500 pounds is hence the 
utmost pressure that can be obtained by freezing water in a 
confined space. Containers have been made that can withstand 
that pressure and a good deal more, so the frost giant has been 
successfully chained. 

The lowering of the freezing point by pressure means that ice 
can be melted by pressure. When the pressure is relieved, the 
water freezes again. This phenomenon is called regelation. It 
has many important consequences. 

Every skater knows that when the weather is very cold, and 
the ice is consequently dry, the skating is not good. The ice 
does not seem to be even slippery. In fact dry ice is not especi- 
ally slippery. It is the film of water on wet ice, which, acting 
as a lubricant, makes it slippery. Now, as Joly pointed out in 
1899, the pressure under a skate is very great. On account of 
the curve of the blade and the hollow grinding, the area on 
which a skate rests is very small, one-fiftieth of a square inch or 
thereabouts. With a skater weighing one hundred and forty 
pounds, a pressure of seven thousand pounds per square inch is 
produced. This is sufficient to depress the freezing point 6.2 
degrees, so that if the temperature of the ice is not under 26 
degrees Fahrenheit, it will be melted by this pressure. The 
skater therefore glides along on a film of water, which, if the 
temperature is below 32 degrees, recongeals after he has passed. 

It is this regelation that enables a glacier to descend a sinuous 
valley. Wherever an obstruction is met, a great pressure is 
produced, which melts the ice. But the water passes around 
the obstruction and freezes on the other side of it, where the 
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pressure is relieved. Hence it appears as though the ice itself 
had bent around or over the obstacle like a flexible thing. The 
process can be strikingly demonstrated in the following way. 
A block of ice is supported between two tables, and a loop of 
thin copper wire is passed around the middle of the block, and a 
rather heavy weight is attached to it. The pressure of the wire 
melts the ice immediately beneath it, but the resulting water 
passes around to the top of the wire, and refreczes. Conse- 
quently the wire gradually cats its way through the ice, and will 
eventually pass completely through it and the weight fall to the 
floor. But the block of ice remains undivided and as solid as 
ever. By pressing two pieces of ice together they can be made 
to freeze together, and, as every one knows, the glacier itself is 
formed by the compacting of great masses of snow in the upper 
part of the valley. 



IX 

The Triple point and 
high Pressures 


Since decrease in pressure raises the freezing point and lowers 
the boiling point of water, at some reduced pressure the two 
should meet. This meeting can in fact be brought about by 
the following experiment devised by Leslie. A small dish of 
water and a large dish of strong sulphuric acid are placed under 
the receiver of an air pump. The air is rapidly exhausted, and 
the water vapor is largely absorbed by the sulphuric acid, which 
has a strong affinity for it. The rapid evaporation lowers the 
temperature of the water faster than the boiling point descends, 
so that the water does not boil until the rising freezing point is 
met. Then it boils and freezes at the same time. Bubbles of steam 
rise from the interior of the liquid — very cold steam, for they 
freeze immediately on reaching the surface. The process con- 
tinues until the whole is a solid block of ice, which can then be 
removed from the receiver. Since the utmost that the pressure 
can be reduced is from one atmosphere to zero pressure, and 
this we have seen would raise the freezing point only to 32.013 
degrees Fahrenheit, it is obvious that the meeting point must lie 
between this temperature and 32 degrees. It lies, in fact, at 
32.01289 degrees, and at a pressure of 0.089 pounds per square 
inch. The ice is hence about as cold as that produced in the 
ordinary way. 

This experiment can also be carried out with a substance 
whose freezing point is lowered by diminished pressure, because 
the descent of the freezing point is so much slower than that of 
the boiling point, that the latter soon overtakes it. 

T his point where a substance boils and freezes at the same 
time is called the triple point, because solid, liquid, and vapor 
there exist together. This point for water is the beginning of 
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the Regnault steam line of Figure 23, and represents the lowest 
pressure at which water can exist. If we plot the pressures and 
corresponding temperatures at which water freezes, we get 
another line on this diagram, the ice line, which also starts at 
the triple point, as shown in Figure 25. This line leans to 
the lfft, in the direction of decreasing temperature, because 
increase of pressure lowers the freezing point. For a substance 
which contracts on solidifying, this line leans to the right, as 
shown in Figure 34, Chapter XI. The steam line, it will be 
remembered, divides the Regnault diagram into a liquid and a 
vapor region. The ice line further subdivides the upper part of 
the diagram into a liquid and a solid region, and the line repre- 
sents a mixture of liquid and solid in equilibrium. 



Yet a third line starts at the triple point. This divides the 
solid from the vapor region. It is called the hoar frost line. 
In crossing this line, the vapor transforms directly into the solid 
(the process of sublimation) or the solid into the vapor. This 
can only occur at pressures and temperatures below those of the 
triple point, as along the constant pressure line CBA in the 
figure. At B direct vaporization of the solid occurs if heat is 
added, and sublimation, if heat is abstracted. On the line 
there is always a mixture of solid and vapor in equilibrium. 
The same sort of diagram applies to substances other than 
water, but we shall retain the names ice and frost lines for 
short. 

In winter when the air in the house is dry, which means that 
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the pressure of the water vapor contained in it is very low, and 
the windowpanes are below 32 degrees, this vapor deposits on 
the panes directly as frost. It does not condense first to water 
and then freeze. In that case clear ice would be produced. 
The beautiful frost patterns result only from the direct deposi- 
tion of the vapor in solid form. Similarly, snowflakes are 
crystallized vapor, whereas hailstones are simply frozen rain- 
drops. 

The direct passage of ice to vapor and the reverse are of rather 
rare occurrence, because the triple point of the substance is so 
low. But for many substances this point lies much higher, so 
that the phenomena occur at ordinary pressures and tempera- 
tures, and even much above. Sulphur and iodine are ex- 
amples. Frozen carbon dioxide melts directly to vapor, for 
which reason it is popularly called dry ice. The steam we see 
rising from it is not its vapor, but is the water vapor of the air, 
which has been condensed by the cold but invisible carbon 
dioxide vapor. If the dry ice is placed in a pan of water, this 
apparent steaming is much increased. 

If the triple point pressure of a substance is above one atmo- 
sphere, the substance can exist in the liquid form only under 
increased pressure, and this no matter how much the tem- 
perature is lowered. This is the reason why we never see 
iodine, carbon dioxide, or other such substances in the liquid 
form, except perhaps in a glass vessel under pressure. 

The most remarkable substance in this regard, however, is 
carbon. In the electric arc it vaporizes directly. In the 
bright parts of flames its vapor precipitates at once into solid 
particles, as is evidenced by the fact that they will deposit on a 
colder body as soot. No one has ever seen carbon in the liquid 
state. Evidently both the pressure and the temperature of its 
triple point are extremely high. We must imagine tp in Figure 
25 shifted a long way upward and to the right, so that nearly all 
of the diagram is solid and vapor, and only a little upper corner 
is liquid. If diamonds are crystallized from liquid carbon, 
that would account for their rarity. Moissan, proceeding on 
this theory, cooled white-hot iron containing small specks of 
carbon very suddenly. The contraction of the iron produced a 
great pressure on these particles, and he obtained in this way 
microscopic diamonds. We can produce in our laboratories 
very high temperatures, or very high pressures, but not both 
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together. As yet, nature alone can do this, in the depths of the 
planets and stars. 

We have mentioned that solids show minor changes of state 
having all the characteristics of those major changes from solid 
to liquid and liquid to gas, the chief of which is a change in 
volume at constant temperature and pressure, accompanied by 
the absorption or rejection of a latent heat. In the year 1900, 
Tammaq 1 carried out a remarkable series of experiments, the 
primary objects of which were to determine whether the 
depression of the freezing point of water continued indefinitely 
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FIG. 26 — tamman’s alpha ice 


as the pressure increased, and whether the rate was constant. 
For this purpose he carried the pressure up to the hitherto 
unheard-of value of 3500 atmospheres, or 52,000 pounds per 
square inch. He found that the rate of depression increased as 
the pressure rose, so that the ice line of Figure 25 curves to the 
left. But at —8 degrees Fahrenheit and 2200 atmospheres, an 
abrupt and remarkable change took place. The ice suddenly 
contracted by about 20 per cent so that its volume was now less 
than that of water, and with further increase in pressure, the 
melting point now rose, as we have mentioned in the previous 
chapter. From this point on, the ice line leans to the right, as 
shown in Figure 26, which is Tamman’s diagram. In short, a 
change of state had taken place. A new form of the solid had 
appeared. Tamman called it alpha ice. It is obvious also 

1 Tamman, Annalen der Physik , Vol. II, p. 5. 
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that the point on the ice line where this change took place is a 
new triple point, for here the old and the new ice and water all 
three meet. Tamman, indeed, was able to follow the equili- 
brium line that separates the two forms of ice for a short 
distance, as shown at TyA in the figure. The ordinary ice line 
7 0 7j leans so much more to the left in this diagram than in 
Figure 25, because of the small scale on which the pressures are 
plotted. The ordinary triple point T 0 on this scale is prac- 
tically at zero pressure. 

In these experiments, the ice or water was compressed in a 
strong steel cylinder, and so of course could not be seen. Only 
the sudden change in volume at constant temperature and 
pressure announced a change of state. But Tamman was 
anxious to get a look at the new ice if possible. So he cooled it, 
still at high pressure, to the temperature of liquid air, released 
the pressure, and got it out of the cylinder. It looked just like 
any other ice, but was extremely cold and dry. As it warmed 
up, it gradually melted into ordinary ice, with a large increase 
in volume. 

In later experiments Tamman discovered a third kind of ice, 
and thought he had found indications of a fourth, but the latter 
has not been confirmed. 

In 1911 P. W. Bridgman 2 of Harvard University, having 
invented a new kind of packing, was able to carry the pressure 
up to 40,000 atmospheres or 600,000 pounds per square inch, 
nearly twelve times as far as Tamman. This is the pressure 
that would be produced by a pile of bricks 1 00 miles high, or 
that would be found 80 miles beneath the surface of the earth. 
At these stupendous pressures some profound changes occur in 
the properties of matter. Bridgman found that steel became 
plastic and could be made to How like pitch. Soft rubber, 
instead, became hard and brittle like glass. The rubber 
washer would crack and the softened steel flow into the cracks. 

With this apparatus Bridgman extended Tamman’s experi- 
ments, discovering five different kinds of ice, which he num- 
bered I, II, III, V, and VI. Number IV was reserved for 
Tamman’s fourth variety, but this was not found. Number I 
is ordinary ice, III is Tamman’s alpha ice. Of 1 1 possible 
transition lines, 10 were found; of 6 triple points, 5 were found. 
All of these forms of ice except Number I are of less volume than 

2 Bridgman, Proc. Amer. Acad. Arts and Sciences , Vol. 47 , p* 44 
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water. Figure 27 is Bridgman’s diagram. The temperatures 
are given in centigrade degrees. On the Fahrenheit scale the 
range is from — 1 1 2 to 176 degrees. The pressures are in 
kilograms per square centimeter, or what are called metric 
atmospheres, which are ninety-seven hundredths of ordinary 
atmospheres, hence practically the same. Ice Number VI 
seems to be the final form. No further change was found at 
the highest pressures and temperatures used. And in this form 
the freezing point rises continually with the temperature. 
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FIG. 27 BRIDGMAN'S FIVE FORMS OF ICE 


At the time of the gold rush to the Klondike, many were the 
tales told of the cold encountered. Perhaps one of the tallest 
was that told by a man who said that one day he set a bucket of 
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hot water out on his porch to cool, and the water froze so 
quickly that the ice was still hot. While this may be an exag- 
geration, Bridgman’s ice Number VI at 160 degrees Fahren- 
heit is distinctly hot ice. But we can only have it at 300,000 
pounds pressure, so that we shall probably never have a chance 
to burn our hands on it. If wc could only produce pressure 
enough, it appears that we could have ice at any temperature 
we please, even above the ordinary boiling point of water. 

Bridgman also experimented with frozen mercury and with 
many other substances at these extraordinarily high pressures. 
He found that many of them exhibited similar changes of state 
within the solid state. 



X 

Solutions 


It had long been known that the boiling point of a liquid is 
raised when a substance is dissolved in it. But in 1822, 
Faraday, while measuring the boiling points of various aqueous 
solutions, made the curious discovery that when he lifted his 
thermometer so that the bulb was in the steam just above the 
boiling fluid, it always dropped to 212 degrees Fahrenheit. 
Hence it appeared that, however elevated the boiling point of 
the solution might be, the steam remained at 2 1 2 degrees, the 
boiling point of the pure solvent. 

Gay-Lussac, on hearing this, objected that the temperature of 
the steam could not possibly be appreciably lower than that of 
the liquid from which it had just been disengaged, and con- 
cluded that either Faraday’s thermometer was wrong, or that 
he had not observed with sufficient care. 

But Faraday’s observations and his thermometer were cor- 
rect. The latter does read, and rightly reads, 212 degrees in 
the steam. Yet Gay-Lussac’s objection was entirely justified. 
This is not the temperature of the steam. Now, how can a 
thermometer be right if it registers the wrong temperature? 
The answer is that the bulb is wet, and the water that has con- 
densed upon it is pure water — it is distilled water, for the solids 
remain behind when a solution is boiled. If the thermometer 
falls below 2 1 2 degrees, water condenses upon it and, giving up 
its latent heat, warms the thermometer. If it rises above 212 
degrees, this water boils off, and being pure water it boils at 212 
degrees and, by abstracting its latent heat from the ther- 
mometer, cools the latter. When we put a kettle of water on 
the stove to boil, we surround it by flames that may be a thou- 
sand degrees hotter than the water. Yet we cannot raise the 
temperature of the water above 2 1 2 degrees. And so the hot 
steam surrounding the thermometer is powerless to raise its 
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temperature above the boiling point of the pure water that 
covers it. Wet the bulb of a thermometer exposed to the air. 
Its temperature immediately drops, because of the evaporation 
of the water. And if the supply of water is kept up, by means 
of a wick or otherwise, the temperature will continue to fall 
until it approaches the dew point. This is nothing other* than 
the boiling point of water corresponding to the pressure of the 
aqueous vapor in the air. In fact, the humidity of the air can 
be measured in this way, as will be more fully explained 
in Chapter XIII. On the other hand, when radiation falls 
upon a thermometer, it registers a higher temperature than 
that of the surroundings, as will be explained in Chapter XV. 
A perfectly correct thermometer therefore does not always 
register the temperature of its surroundings, and special 
precautions have sometimes to be taken to insure that it shall 
do so. 

Three and a half decades after Faraday’s work, the chemist 
Wiillner made numerous measurements of the boiling points of 
solutions. He found in general that the boiling point was 
raised in proportion to the concentration of the dissolved sub- 
stance. But there were many exceptions, many substances 
behaving quite erratically and incomprehensibly. The pres- 
ence of a dissolved substance also lowers the freezing point, and 
by a considerably greater amount than it raises the boiling 
point. Here, too, the effect was generally in proportion to the 
concentration, but there were many exceptions. 

This whole subject remained in the greatest confusion until 
Raoult in 1883 found that organic substances behaved quite 
regularly. For nearly all of these, the freezing point depres- 
sions were strictly proportional to the concentrations. Further- 
more, he found that if we take of each of these substances a 
number of grams equal to its molecular weight — what is called 
a gram-molecule — and dissolve it in one hundred grams of water, 
then all of these solutions show the same freezing point depres- 
sion, about 33 Fahrenheit degrees. But all gram-molecules 
contain the same number of molecules. Hence we may say 
that the freezing point depression per dissolved molecule is the 
same for all organic substances dissolved in water, or the depres- 
sion is proportional to the molecular concentration. This is 
called Raoult’s law, and the depression produced by a gram- 
molecule is called the molecular depression. He found the same 
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law to hold for other solvents, but each gives a different mole- 
cular depression. 

There were still some exceptions to this rule, but Raoult 
found that they all could be laid to two causes. The first of 
these is hydration , the chemical union of each molecule of the 
substance with one or more molecules of the solvent, which, by 
depleting the solvent, has the effect of increasing the concentra- 
tion. The second is polymerization , the combining of the mole- 
cules of the substance with each other into groups of two or 
more. Since each group acts as a single unit, this has the effect 
of reducing the concentration. What counts, therefore, is the 
number of independent parts into which the dissolved sub- 
stance is divided, in proportion to the number of free parts of 
the solvent present. 

In 1888, Raoult made a similar investigation with regard to 
the boiling points, and, so long as he confined himself to 
organic substances, found a similar rule to apply. If a gram- 
molecule of each of these is dissolved in one hundred grams of 
water, each produces the same boiling point elevation, about 
9 degrees Fahrenheit. This is the molecular elevation for water. 
Other solvents give other elevations. The few exceptions were 
again found to be due to hydration and polymerization. 

The two phenomena are really one. What a dissolved sub- 
stance actually does, Raoult showed, is to lower the vapor 
pressure of the liquid, and he was able to sum up all his results 
in a single statement, as follows: If any organic substance is 
dissolved in any solvent, in the proportion of one molecule of the 
former to one hundred molecules of the latter, the vapor pres- 
sure of the liquid is lowered by one per cent. This occurs not 
only at the boiling point, but at every other temperature. In 
short, the whole steam line is lowered, as shown in Figure 28. 
The full line is the steam line for water; the dotted line is that 
for a 20 per cent solution of sugar in water, which is about in the 
proportion of one molecule of sugar to one hundred molecules of 
water. The figure is not drawn to scale, and the depression of 
the steam line is much exaggerated. 

Now water boils at 2 1 2 degrees because at that temperature 
the vapor pressure within the liquid reaches the value of one 
atmosphere, and is then equal to the external pressure. Under 
these circumstances a bubble of steam can form in the liquid. 
When a substance is dissolved in the water, the vapor pressure 
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of the liquid is lowered, and at 212 degrees is less than one 
atmosphere. Hence the temperature of the solution must be 
raised until its vapor pressure reaches this value. Thus in the 
figure, B is the boiling point of water at 2 1 2 degrees and one 
atmosphere. In order to boil the solution, its temperature must 
be raised until its steam line intersects the constant pressure 
line PB at B', an elevation in this case of three-tenth degrees. 
Similarly a solid melts when its vapor pressure become^ equal to 
that of the liquid, in short, when the frost and steam lines 



FIG. 28 STEAM UNES OF SOLVENT AND SOLUTION 


intersect. This occurs at F for the liquid, but at F' for the 
solution, or one degree lower in this case. From the figure 
one can see also that the considerable lowering of the freezing 
point is due to the fact that the slopes of the frost and steam 
lines differ but little. 

But why is the vapor pressure of a liquid diminished by a dis- 
solved substance ? The answer to this question has come to us 
by a most curious and circuitous route. Every time we drop a 
spoonful of sugar into a cup of coffee, a marvelous thing hap- 
pens, but it is so commonplace that it excites no wonder. The 
sugar, of course, sinks to the bottom because it is heavier than 
the liquid. But it does not stay there. In a little while, even 
if we do not stir the coffee, we find that some of the sugar has 
risen to the top, for by sipping a little coffee from the surface we 
find that it is sweet. After a longer time, we shall find that the 
whole cupful is uniformly sweet. The sugar has distributed 
itself uniformly throughout the liquid. And it will remain so 
distributed no matter how long the solution stands. If we pour 
a spoonful of sand into the coffee, it too sinks to the bottom. 
But it stays there. If we pour in a spoonful of oil, it rises to the 
top, for it is lighter. And it stays there. Neither of these 
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substances will diffuse throughout the liquid. Why, then, does 
sugar do so, and how can it raise itself against the force of 
gravity? Why does sugar and not sand possess this ability? 
It explains nothing to say that the one is soluble while the other 
is not, for by solubility we mean the very power we are speaking 
of. We do not solve a problem by giving it a name. 

Let us examine the facts a little more closely. In the year 
1819 Gay-Lussac had a dispute with some of his colleagues, who 
contended that if a solution were allowed to stand long enough 
the dissolved substance would finally settle down, and the 
solution become more concentrated at the bottom. To test this 
assertion, Gay-Lussac filled several tubes over six feet in length 
with different solutions, and having sealed them hermetically 
to prevent evaporation, set them in an upright position and 
allowed them to stand for six months. At the end of that time 
he took samples from the top and bottom of each tube, and, by 
the most accurate analyses of which he was capable could find 
no difference in the concentrations at the top and bottom of any 
tube. Hence the diffusion is both uniform and lasting. Ac- 
cording to modern theory, however, the concentration at the 
bottom should be slightly greater than at the top, but it would 
take a much longer tube to show it. At a depth of 300 feet, a 
10 per cent solution of common salt should have a concentration 
one twentieth of one per cent greater than at the top. The 
reason for this will appear presently. 

The slow diffusion of a dissolved substance throughout a 
liquid can be observed by dropping a crystal of some highly 
colored substance into a bowl of quiescent and preferably hot 
water. Permanganate of potash, obtainable at any drug store, 
is excellent for this purpose, because it is highly soluble and has 
an intense purple color. Take one of the tiny crystals and let it 
slide down the side of the bowl into the water. As soon as it 
touches the water it begins to dissolve and, as it slides toward 
the center of the bowl, it leaves behind a trail of what looks like 
purple smoke. In fact, it looks for all the world like a miniature 
destroyer laying down a smoke screen. This is a concentrated 
solution, which being heavier than water slides slowly down 
toward the center of the bowl. Meanwhile the little crystal at 
the bottom continues furiously to belch forth fumes until it is 
completely dissolved. These fumes form a little pool at the 
bottom of the bowl. For a few minutes it looks as though all 
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were over. But if we continue to watch, we shall presently see 
that the surface of the purple pool is slowly rising. It becomes 
arched, its color less intense, its outlines less distinct. S&on it 
becomes nearly globular in form. Hazy and cloudlike, it 
slowly expands until it fills the whole liquid, and the purple 
tinge is uniform throughout. * 

Suppose we wished to stop this expanding cloud. A sure 
way would be to stretch an impenetrable barrier across the 
liquid. When the cloud reached this, it would of course stop, 
just as it did when it reached the sides of the vessel and the 
surface of the liquid. But suppose we stretch what is called a 
semipermeable membrane, that is, one which stops the dissolved 
substance, but allows the liquid to pass f r eely. Then a curious 
thing happens. The liquid seeps through the membrane into 
the solution below, as though it has a strong attraction for it. 
This causes the solution to expand and press up against the 

PI 





FIG. 29 OSMOTIC PISTON 

membrane with a considerable force. This pressure, which 
can be measured, is called the osmotic pressure. 

Suppose wc stretch the membrane across the bottom of a 
piston pierced by many holes, and fit the piston in a cylinder, 
as shown in Figure 29, with the solution below and the pure 
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solvent above. The expanding cloud of the dissolved substance 
will slowly push the piston right up to the top of the liquid. 
And if we elongate the cylinder and add more liquid, the piston 
will be pushed up to the top of that, and so on indefinitely. 
Of course you can prevent the piston from rising by pushing 
down* on it. But you will have to push surprisingly hard to 
stop this fluffy cloud. A 30 per cent solution of sugar in water 
will exert an osmotic pressure of 20 atmospheres or 300 pounds 
to the square inch. You might as well try to stop the piston of 
a locomotive. And there are solutions which give osmotic 
pressures as high as four or five thousand pounds. It is no 
wonder, then, that a substance in going into solution can lift it- 
self against gravity, when it can lift in addition loads so much 
greater than its own weight. 

Curiously enough, the first extensive and accurate measure- 
ments of osmotic pressure were made by a botanist, Pfeffer, in 
1877. This happened because the matter has much to do with 
the exchange of liquids between the living cell and its environ- 
ment. Pfeifer’s work was naturally confined mostly to organic 
substances. For these he found that the osmotic pressure was 
proportional to the concentration and to the temperature. 

As the piston rises in Figure 29, the solution dilutes itself, and 
the pressure diminishes. When the piston has risen to the 
double height, the volume of the solution is doubled and its 
concentration is reduced to one half. According to Pfeffer the 
osmotic pressure is then also reduced to one half. Hence the 
pressure varies inversely as the volume of the solution. If the 
concentration, that is the volume, is kept constant, the pressure 
varies directly as the temperature. Is there not something 
familiar about these two statements? Of course there is. 
They are nothing other than Boyle’s and Gay-Lussac’s laws for 
perfect gases. Osmotic pressure therefore obeys the same laws 
that gas pressure does. 

Indeed, there is much similarity between the process of dis- 
solving and that of fusing. Only, instead of the molecules 
flying apart from excess of heat agitation, they seem to be pried 
apart by the penetration of the liquid into the solid. This is 
heavy work, and demands energy. A latent heat is therefore 
required, just as for fusion, only in this case it is drawn from the 
liquid, which is thereby cooled. Thus, if sodium sulphate is 
dissolved in water that is already tolerably cold, a drop in 
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temperature to 5 degrees Fahrenheit can be produced. The 
molecules of the solid, once freed from one another’s grasp, fly 
about after the fashion of gas molecules, but are hampered in 
their movements by the surrounding molecules of the liquid. 
Nevertheless, they gradually bump their way through these, 
and eventually fill completely and uniformly any volume of 
solvent that is offered to them, just as a gas expands and fills any 
available volume of space. The only difference is that a 
substance diffuses slowly, whereas a gas expands rapidly. But 
the effect in the end is the same. 

This analogy between a dissolved substance and a gas was 
first pointed out by Van’t Hoff in 1887, and was pursued further 
by him. If we take a gram-molecule of various organic sub- 
stances, he showed, and dissolve each in the same quantity of 
water, then each of these solutions will, at the same tempera- 
ture, show the same osmotic pressure. But all of these solutions 
contain the same number of molecules. Here we have a perfect 
analogue of Avogadro’s fundamental gas law, which states that 
equal volumes of all gases at the same temperature and pressure 
contain the same number of molecules. Furthermore, this 
analogy holds not only qualitatively but quantitatively. A 
given number of dissolved molecules in a given volume of 
solvent at a given temperature, will exert the same pressure as 
an equal number of gas molecules in an equal volume and at the 
same temperature. In short, if from a solution which com- 
pletely fills a closed container we could remove all the mole- 
cules of the liquid, and leave those of the dissolved substance in 
place, the pressure exerted by the latter would remain un- 
changed. But in place of a solution, we would then have a gas. 

We have so far compared the behavior of a dissolved sub- 
stance with that of a perfect gas. The perfect gas laws are closely 
obeyed, however, only when the solutions are very dilute . But 
this need not surprise us, since gases themselves do not follow 
these laws very closely unless they arc sufficiently attenuated. 
Now solutions arc ordinarily much more concentrated than 
gases. A thirty per cent sugar solution, for example, contains 
in a given volume twenty times as many sugar molecules as the 
same volume of air contains of gas molecules at the same tem- 
perature. It is for this reason that the sugar solution exerts 
twenty times the pressure that the air does, or twenty atmos- 
pheres. Nevertheless, it is useful to set up the fiction and study 
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the behavior of an “ideal solution,” just as we did that of a 
“perfect gas,” and express the behavior of actual solutions by 
their departures from it. 

We can now see why the concentration of a solution at the 
bottom of a tall tube is slightly greater than at the top. We 
have only to suppose the liquid molecules removed and we have 
then simply a column of gas. The layers of gas at the bottom 
will be slightly compressed by the weight of those above, and 
will be denser, just as the atmosphere is denser near the earth. 
Indeed, the increase in concentration of a solution with the 
depth can be calculated from the same formula used for the air. 

We can now at last see why the vapor pressure of a liquid is 
lowered by a dissolved substance. Let us pour a quantity of 
some solution into a thistle tube, close the mouth with a semi- 
permeable membrane, invert the tube and dip it into a vessel 
containing pure solvent, say, water, as shown in Figure 30. 



FIG. 30 — OSMOTIC AND VAPOR PRESSURE 

Water then penetrates the membrane and passes through into 
the solution. The volume of the latter is thereby increased, 
and it rises in the stem of the tube. This goes on until the 
weight of the column balances the effort of the water to get in. 
The height of the column then measures the osmotic pressure. 
Suppose, now, we cover the whole apparatus with a bell glass 
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jar hermetically sealed as shown. The space within soon be- 
comes filled with saturated water vapor. This vapor is in 
equilibrium both with the water in the vessel, and with the 
solution at the top of the column, for evaporation has ceased at 
both places. Now the pressure of the vapor at the top of the 
column is less than it is at the level of the water by the weight of 
a column of vapor equal to the height of the solution column, h 
in the diagram. Hence the vapor pressure of the solution must 
be reduced by a like amount, for otherwise evaporation would 
occur at the top of the column, and it does not. Knowing h , 
we can calculate the amount of this reduction. Hence, from 
the osmotic pressure of a solution, its vapor pressure at any 
given temperature, and consequently its boiling and freezing 
points, can be calculated. It follows that all solutions having 
the same osmotic pressure have also the same boiling and 
freezing points — isotonic solutions they are called. Such solu- 
tions when separated by a permeable wall do not interpenetrate. 
Thus the surgeon uses a solution that is isotonic with the blood 
serum to wash a wound, for it docs not penetrate the tissues and 
dilute the blood, nor draw the blood out and increase the 
bleeding. 

But all these beautiful theories of Raoult and Van’t Hoff 
applied only to organic substances. All the common inorganic 
substances, which comprise by far the greater part of our 
material world, refused to obey them. They gave osmotic 
pressures, boiling and freezing point changes, that were too 
large — that corresponded to more molecules than were actually 
present. Sometimes they gave values that were twice too large, 
as though each molecule had been split in two. This was a 
very serious difficulty which threatened the whole theory. 
The manner in which it was finally overcome is also curious and 
roundabout. 

As early as 1878, a young student, Svante Arrhenius, at the 
University of Upsala in Sweden, had conceived a new theory as 
to the way in which a current of electricity is conducted through 
a solution. Shortly afterwards he offered a dissertation on the 
subject as candidate for the doctor’s degree. This dissertation 
involved both physics and chemistry, but the science of physical 
chemistry was yet unborn — at least no one then knew that this 
paper was its birth certificate. There was a Department of 
Physics and a Department of Chemistry, but neither wished to 
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father the hybrid child. The chemists particularly objected to 
the proposal of this young candidate, that when a substance like 
sodiurh chloride (common salt) was dissolved in water, the 
molecule NaCl, one of the tightest combinations of two ele- 
ments known and requiring a great deal of energy to separate 
them, split in two, and formed a sodium and a chlorine ion , 
the one positively and the other negatively electrified. Now 
sodium and chlorine are also among the most active elements 
known. Sodium has a strong affinity for water, and unites 
with it with flame and fury, while chlorine is a pungent, poison- 
ous yellow gas. How could the mere addition of electrical 
charges tame these furious elements, and make them to lie 
down peacefully together in a beaker of water? But the 
physicists saw that this theory accounted very handily for the 
conduction of electricity through a solution. The two sets of 
charged ions move, by virtue of electrostatic attractions, in 
opposite directions, and transport the electricity from pole to 
pole. Many obscure details of electrolytic conduction also 
became plain. 

Arrhenius got his degree, but a full account of his dissociation 
theory was not published until 1888. Meanwhile he had 
worked with Van’t Hoff and shown him how the splitting of the 
molecules accounted for the abnormally high osmotic pressures 
of inorganic solutions, for these are all conductors of electricity, 
whereas organic solutions are nonconductors. The dissocia- 
tion, however, is not always complete. When a solution is very 
concentrated, only a few molecules split. As the solution is 
increasingly diluted, more and more of them split. But the 
degree of dissociation, Arrhenius showed, can always be deter- 
mined by measuring the electrical conductivity of the solution, 
and when in this way arc counted all the independent parts, 
molecules, groups, and ions, into which the substance 
is divided, it obeys the laws of Raoult and Van’t Hoff per- 
fectly. 

It is perhaps needless to add that the dissociation theory of 
Arrhenius did much more than solve this one problem. It gave 
birth to the new science of physical chemistry; it was the begin- 
ning of the new electrical theory of matter ; it gave a new con- 
ception of chemical affinity; and it was, so to speak, the 
entering wedge that finally split the atom itself into protons 
and electrons. The revolution it effected in chemistry was 
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only the forerunner of the still greater revolution that followed 
in physics. 

Avogadro’s law enables the chemist to determine the .mole- 
cular weight of any gas from its density, for the one is propor- 
tional to the other. Van’t Hoff’s extension of the law to solu- 
tions enables the chemist to determine the molecular weight of 
any substance that can be dissolved in any solvent. For this 
purpose he measures either the boiling point elevation or the 
freezing point depression, preferably the latter, because it is 
larger. The method is extremely useful, especially in the case 
of organic substances with their huge and complicated mole- 
cules, containing sometimes a thousand or more atoms. So if 
the physicist has rudely upset the chemist’s ideas with his dis- 
sociation theory, he has in return provided him with a powerful 
weapon for knocking his molecules to pieces, and counting the 
number of atoms they contain. 

The depression of the freezing point of water by dissolved 
substances is the basis of many freezing mixtures, such as that of 
ice and salt used in making ice cream. The salt dissolving into 
the ice lowers its melting point, thus causing some of it to melt. 
But this requires that the latent heat of fusion be supplied, and 
this must be drawn from the mixture itself and its surroundings. 
And so the melting and cooling proceed hand in hand, until with 
a proper proportion of the ingredients a temperature of o degree 
Fahrenheit can be attained. Curiously enough, the amount 
of heat in the mixture remains unchanged, except for what is 
absorbed from the surroundings. A part of it merely passes 
from the temperature-producing kind into the latent form, 
with a consequent reduction in temperature. 

There arc other and more powerful freezing mixtures. One 
part of calcium chloride to four of shaved ice will produce a 
temperature of —65 degrees Fahrenheit. 

When a dilute solution is cooled to its freezing point, pure ice 
forms at first, just as pure steam is boiled off from a solution. 
Thus, the ice formed on the ocean is not salt. As more and 
more ice .separates out, the remaining solution becomes more 
and more concentrated, and the freezing point descends until 
the solution has become saturated. Then, and then only, the 
solution itself freezes. Salt ice can be produced in this way only 
at a temperature of —8.6 degrees Fahrenheit. 



XI 

Real Gases 


The reader who had a tough time in Chapter III, because of too 
many dimensions and other complications, will have a worse 
time in this one. Wc there merely mentioned the fact that 
there were complications, that real gases did not conform 
entirely to the patterns of perfect behavior laid down by Boyle 
and Gay-Lussac. We now propose to set forth what some of 
those complications are. We do this, not from any desire to be 
annoying, but because some of the most remarkable discoveries 
have resulted from the study of the bad behavior of gases and 
from the endeavor to find out just why they behaved badly. 
We wish to tell about these discoveries. 

We pointed out in Chapter III how preposterous it was to 
suppose that any self-respecting gas would suffer itself to be 
crushed out of existence by any excess of pressure whatsoever, 
as according to the rule of Boyle it should. A real gas is com- 
posed of molecules of finite size, and, when these are finally 
pushed into contact, any further reduction of volume must 
encounter an enormously increased resistance, and this may set 
in quite suddenly, as when a fellow is pushed against a wall. 
However, when the first definite deviations from Boyle’s law 
were found by Regnault in 1 847, they turned out to be just the 
other way around. Instead of a greater resistance at high 
pressure than the law demanded, less was found. Instead of 
stiffening enormously, the gases weakened, and the change, 
instead of being abrupt, was gradual. The effect was most 
pronounced for carbon dioxide, very slight for air and nitrogen, 
absent for hydrogen. All this was very puzzling. 

The matter was finally cleared up by a remarkable series of 
experiments begun by Thomas Andrews in 1863 on carbon 
dioxide. The accidental liquefaction of chlorine gas by Fara- 
day in 1823 had led to the discovery that many gases and vapors 
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could be liquefied at ordinary temperatures by pressure alone. 
All efforts, however, on the part of Faraday and of others to 
liquefy oxygen in this manner failed. And of course no success 
was had with the other so-called permanent gases. Of the 
liquefiable gases, carbon dioxide was one of the hardest. It 
was liquefied by Thirlorier in 1834 at a pressure of sixty 
atmospheres. 
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fig. 31 — andrews’s isothermals for carbon dioxide 


Andrews compressed this gas in a narrow glass tube, at 
various constant temperatures up to a pressure of four hundred 
atmospheres, and measured the corresponding pressures and 
volumes. The temperature ranged from 52 to 1 19 degrees 
Fahrenheit. At times the contents of his tube were partly or 
wholly liquid, at other times wholly gaseous. He plotted the iso- 
thermals thus found, several of which are shown in Figure 3 1 . 

One may see at a glance that the isothermals of Andrews are 
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very different in form from those of Boyle, as given in Figure 16, 
Chapter III — in some cases, indeed, having scarcely any resem- 
blance to them at all. For comparison, three iso thermals for 
air are given, and appear in the upper right-hand corner of the 
diagram. These obey Boyle’s law almost exactly. How close 
together they are! How widely separated on the other hand 
are the iso thermals for carbon dioxide, for the same range of 
temperatures ! 

The highest isothermal for carbon dioxide, that for 119 
degrees Fahrenheit, resembles, indeed, those for air, but is less 
steep. This means that, as we proceed up the curve in the 
direction of increasing pressure, the volume diminishes faster 
than according to Boyle’s law. The gas offers less resistance to 
compression than it should, as was found by Regnault. The 
next four isothermals bend first to the left, and then straighten 
up. This means that there is first a less, then a greater, resist- 
ance to compression than required by Boyle. Finally these 
isothermals rise almost vertically, showing an incompressibility 
almost as great as that of a liquid, notwithstanding the fact that 
the substance is still wholly gaseous. 

The next lower isothermal at 71 degrees, however, is of an 
entirely different character. Starting at A, far down to the 
right, and proceeding up the curve, we find that the pressure 
rises as the volume diminishes, as we should expect of a gas. 
But at B a sudden change takes place. The ascent of the iso- 
thermal stops. It turns and runs horizontally to the left, along 
a constant pressure line. This means that no additional force is 
now required to reduce the volume by the very large amount 
represented by BE. At E conditions are just as suddenly 
reversed. The line turns sharply upward, and ascends almost 
vertically. This means that an enormous resistance is now 
opposed to further reduction of volume. The substance has 
become almost incompressible. What happened was that at B 
the gas began to liquefy. This proceeded regularly along BE, 
the quantity of gas diminishing, while the quantity of liquid 
increased. At E the liquefaction was completed. Hence a 
mixture of the two states was present all along BE. This is 
simply our deep cistern barometer experiment of page 70, 
which the reader will recall showed that, when the temperature 
is kept constant, the condensation of a vapor takes place at 
constant pressure. Indeed, the method of Andrews was very 
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similar, for he compressed his gas by forcing a column of 
mercury up a narrow glass tube in which the gas was confined. 
His original apparatus is still preserved in the Victoria and 
Albert Museum in South Kensington, London. 

The process is reversible, as we saw in our barometer experi- 
ment. If we start with the liquid in the condition at E, and 
withdraw the piston or the mercury plug, the liquid vaporizes 
without change in pressure. After the liquid is entirely 
vaporized, further enlargement of the volume is accompanied 
by a decrease in pressure, and we descend the curve BA. 

All of the isothcrmals below 87.7 degrees act in this way. All 
have straight portions along which liquefaction or vaporization 
takes place. If we draw a line around these portions, like the 
dotted one in the figure, we outline a hump-like region, within 
which the substance is always partly liquid, partly vapor. The 
left-hand side of this hump we call the liquid line, for to the left 
of it the substance is wholly liquid. The right-hand side we call 
the vapor line, for to the right of it the substance is wholly 
vapor. The hump region, being broad at the bottom and 
narrow at the top, shows that the difference in volume between 
the liquid and vapor diminishes as the temperature, and conse- 
quently the pressure, rises. 

None of the isothermals above 87.7 degrees enter the hump 
region, and consequently the gas cannot be liquefied at these 
higher temperatures, no matter how much pressure is applied. 
This was a discovery of prime importance. The isothermal at 
87.7 degrees, which just touches the top of the hump, and thus 
divides the liquefiable from the nonliqucfiablc gas, Andrews 
called the critical isothermal. At this point C we have the critical 
temperature, the critical pressure, and the critical volume of the 
gas. It is the same point at which the Regnault steam line 
ends. This line is simply the Andrews hump region seen edge- 
wise, from the reader’s right, as will be more fully explained 
later. 

Above the hump, the critical isothermal alone divides the 
liquid from the gas region. The former has been shaded on the 
diagram. One should note how closely the isothermals imme- 
diately above the critical temperature skirt the liquid coast line, 
and eventually run almost parallel with it. The gas may here 
be compressed to a lesser volume, that is, to a greater density, 
than the liquid has at a lower temperature. Yet it is still gas. 
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The only way to liquefy the gas at these high pressures is to 
lower the temperature. That is, we must turn to the left, cross 
the isothermals, and run toward the liquid coast line. 

This explains why all the attempts to liquefy the permanent 
gases by pressure alone had failed. They were above their 
critical temperatures. In fact, a few years later, in 1877, came 
almost simultaneously announcements from Cailletet and Pictet 
of their success in liquefying oxygen, by a combination of pres- 
sure and c«ld. The critical temperature of this gas was found 
to be — 180 degrees Fahrenheit. 

Since then, all the “permanent” gases have been liquefied, 
and even solidified. The critical temperature of nitrogen is 

— 231, that of hydrogen is —390, and that of helium is —450 
degrees Fahrenheit. Since the absolute zero is at —460 de- 
grees, helium has only ten degrees in which it can exist as liquid 
or solid. With these critical temperatures go the critical pres- 
sures, which are: for oxygen 50 atmospheres, for nitrogen 33, 
for hydrogen 30, and for helium only 2.3. It should be noted 
that these pressures are not high, and any greater pressures 
do not help liquefaction in the least. Hence, it is not high 
pressure, but extreme cold that is required to liquefy the 
“permanent” gases. Indeed, with modern technic, it is now 
possible to liquefy all of these gases without compressing them at 
all, by simply cooling them to their boiling points, which are 
also their condensing points, at atmospheric pressure. These 
are for the gases mentioned in order: -297, —320, —423, 

— 451.5 degrees Fahrenheit. 

For these permanent gases we must imagine the hump of the 
Andrews diagram shrunk to a very narrow region in the lower 
left-hand corner. For helium it becomes a tiny spot indeed. 
On the other hand, for a substance like steam, whose critical 
temperature is 689 degrees Fahrenheit, and whose critical 
pressure is 195 atmospheres, the hump region rises and spreads 
out far beyond the limits of this diagram. It has a huge area. 
For substances that are ordinarily solid, like iron, the critical 
temperatures and pressures of their vapors are still higher. 
There is hence a tremendous variation in the height and area of 
this hump region for different substances. 

Before the time of Andrews, the distinction between a gas and 
a vapor was rather nebulous. At first it was thought they were 
radically different things. A vapor was something that was 
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given off by a liquid, or into which a liquid could be converted 
by heating. Such was steam. Conversely, a vapor could 
always be condensed into a liquid by cooling or compressing, 
which was impossible for a gas. But when it was found that 
many gases could be liquefied by pressure alone, it was thought 
that there was no distinction. Gases and vapors were the same. 
The idea did not work, however, in the case of oxygen* An- 
drews was able to give a clear distinction. A vapor, he said, is 
simply a gas that is below its critical temperature, and is there- 
fore liquefiable by pressure alone. It is a gas in the region, 
lightly shaded with vertical lines in Figure 31, which lies 
between the critical isothermal and the right-hand side of the 
hump. 

The weakening which Rcgnault observed in the permanent 
gases at high pressures, was just the beginning of the bend to the 
left in Andrews’s curves. Had Rcgnault carried his pressures 
higher, up to eight hundred atmospheres, as Amagat did in 
1880, he would have found that the gases stiffened again at the 
higher pressures. Hence the weakening was only temporary. 
An isothermal, as it passes near the critical point, bends toward 
it as though attracted by it, but straightens up after passing. 
As we recede from the critical point, the bend in the isothermals 
gradually smooths out, as though the attraction of this point 
diminished with the distance, and at last became impotent. 
Rcgnault found a considerable weakening in carbon dioxide, 
because he was not far above the critical point of that gas. He 
found less for air because he was farther from its critical point. 
He found none for hydrogen because he was so far above its 
critical point, that the bend had quite disappeared. It can be 
found, however, at a lower temperature, 

What is the condition of a substance at the critical point? 
Just below, in the hump region, it is a mixture of liquid and 
vapor. Just above, it is wholly gas. What would happen if 
we passed directly through that point ? It can be done in the 
following way : 

Suppose we have a substance in the condition represented by 
the point A of Figure 32, a mixture of liquid and vapor at 
ordinary temperature and pressure. We enclose it in a strong 
vessel hermetically sealed, and raise its temperature. By this 
process we ascend the constant volume line AC, and if the heat- 
ing is continued long enough we pass through the critical point 
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C. At any point within the hump, the proportions by weight 
of liquid to vapor are given by the distances of the point from 
the right and left sides of the hump respectively. We see that 
as wd ascend AC these proportions do not change materially. 
Just below C , they are about the same as at the start — as much 
liquid as ever on hand. At the moment of passing through C, 
all of* this liquid must be converted into gas — and uncon- 
densable gas at that. What happens? A fearful explosion? 


Aimospherea 

Ether 



FIG. 32 HOW TO PUT A SUBSTANCE THROUGH ITS CRITICAL POINT 


By no means ! What is an explosion ? A great and sudden 
rise in pressure, as in the cylinder of a gas engine, or a huge 
expansion in volume, as when a boiler bursts. But there is here 
no sudden rise in pressure. As read off on the left-hand vertical 
scale, the pressure rises steadily as wc ascend AC, the rate being 
perfectly controlled by the rate at which we supply heat. Just 
above C, the pressure is only slightly greater than just below C, 
and has increased no more than over a stretch of similar length 
elsewhere along AC. If the vessel can withstand the pressure in 
this neighborhood, there is no more danger of explosion than if 
we had simply compressed air up to this pressure. In fact, 
nothing violent happens, and the change is more gradual and 
prolonged than one would suspect. What does happen, how- 
ever, is very interesting, and cannot easily be foreseen. Let us 
therefore try the experiment. 
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For this purpose we shall not use carbon dioxide, as Andrews 
did, but ether, which has the advantage of being already liquid 
at atmospheric pressure. Its critical temperature is 387 degrees 
Fahrenheit, its critical pressure thirty-six atmospheres. The 
ether is sealed in a small glass tube, as at A, Figure 33, in such a 

way that about two-thirds of the 



volume is liquid, the rest vapor. The 
tube is then immersed in a bath of 
olive oil, which is heated. Since the 
boiling point of the oil is 570 degrees, 
it is well above the critical temper- 
ature of the ether at which we wish 
to arrive. 

At the start of the experiment, the 
surface of the liquid ether is clearly 


A B C D seen, and is decidedly concave. This 

is due to adhesion of the molecules to 


the walls of the tube and to cohesion 


fig. 33 -the critical tube among themselves, as will be more 

fully explained in Chapter XIII. 
As the heating proceeds and the molecules become more agi- 
tated, they stick less readily either to the tube or to one another. 
Both adhesion and cohesion diminish. The curvature of the 


surface becomes less, until, as at B, the surface becomes entirely 
flat and barely visible. The molecules have ceased to adhere 
to the tube, and barely cohere to one another. As we pass 
through the critical point, the surface becomes hazy. It 
thickens into a sort of turbulent cloud belt, as at C. This 
expands and fades rapidly until the whole tube seems to be 
filled with a faint haze. A moment later it is clear, as at D. 
It is now completely filled with gas. 

If we now lift the tube from the hot bath and allow it to cool, 
the reverse changes occur. A faint haze first appears through- 
out the tube, and seems to rain in both directions toward the 
middle, quickly condensing into a cloud belt, which in turn 
contracts until the thin flat surface is again formed at precisely 
the same spot at which it had previously disappeared. To see 
the rain ascending to re-form the cloud, and the whole series of 
events reversed, is like seeing a movie run backwards. As 
cooling further proceeds, the surface becomes more and more 
distinct and curved, until the original condition at A is restored. 
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During the ordinary process of boiling at constant pressure, 
the liquid vaporizes bit by bit, the surface of the liquid descend- 
ing slowly until it reaches the bottom of the vessel. During the 
constant volume process that takes place in the critical tube, the 
surface of the liquid does not descend, but rather ascends 
slighfly; for the density of the liquid diminishes, while that of 
the vapor increases, until at the critical point both have the 
same density, and this condition remains unchanged with 
further heating. Nevertheless, the approach to the gaseous 
state is as gradual and prolonged and even more so than in the 
case of ordinary boiling. It takes place throughout the mass of 
the liquid, and begins with the first heating. The molecules of 
the liquid elbow themselves farther and farther apart, while 
those of the vapor become more and more compacted, until at 
last there is no distinction between them, and the line of demar- 
cation disappears. No latent heat is required to pass from 
liquid to gas in this way. 

It is also possible to carry a substance directly across the coast 
line of the critical isothermal at a point above the hump 
region. This, in fact, was done by Andrews in the course of his 
experiments on carbon dioxide. The gas was first heated above 
its critical temperature; then, keeping the temperature con- 
stant, it was compressed until it was as dense as the liquid is at a 
lower temperature. This condition is represented by such a 
point as B, Figure 32. The gas was then cooled at constant 
volume, and thus descended the line BD into the liquid region. 
There is nothing spectacular about this experiment. Nothing 
apparently happens as the critical isothermal is crossed. 
There is no conspicuous change in appearance to indicate the 
moment of this crossing. The tube remains clear and homo- 
geneous throughout the whole experiment. Yet at B it is filled 
with gas; at D it is filled with liquid. There are, however, 
slight changes. The liquid refracts the light, and so magnifies 
objects held behind it. But a conclusive proof was given by 
Andrews, by relieving the pressure at D while keeping the tem- 
perature constant. In this way he descended the isothermal 
DE. As the hump region was entered, the liquid began to boil 
in the usual way. Bubbles rose from its interior, the surface 
soon appeared at the top of the tube and slowly descended until it 
reached the bottom, and the space above, now much enlarged by 
the withdrawal of the piston, was entirely filled with vapor. 
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It is rather difficult to state just what the difference is between 
the gas at B and the liquid at D, for both have the same density. 
This means that the average distance between the molecules is 
the same for both. But at B the variations in distance are 
greater. Some of the molecules will have jostled their neigh- 
bors, for the moment, out of the way, and so have gained room 
for free flights. Offsetting this, there will be at other places 
temporary overcrowdings. But the scene is constantly shifting, 
so that every molecule, at one time or another, gets a cKancc for 
a free flight, which is the birthright of every gaseous molecule. 
In the body of the liquid, the variations are less. No molecule 
ever gets away from the grasp of its neighbors. It may wiggle a 
little within that grasp, but can never indulge in a free flight. 
The ultimate difference, then, between a gas and a liquid is the 
presence or absence of molecular free flights. 

These experiments impressed Andrews with what he called 
the “continuity of state.” However greatly liquids and gases 
may differ in appearances and properties under ordinary cir- 
cumstances, they arc, he said, “. . . only distant stages of a long 
series of continuous physical changes.” They “may bemadeto 
pass into one another by a scries of gradations so gentle that the 
passage shall nowhere present any interruption or breach of 
continuity.” “But,” he said, “a problem of far greater difficulty 
yet remains to be solved, the possible continuity of the liquid 
and solid states of matter.” 

This problem lias been partially solved. With the help of a 
triple-point diagram, we can extend the Andrews isothermals 
to include the solid state. For this purpose we shall choose a 
substance like paraffin which contracts on solidifying. Figure 
34 is the diagram for such a substance. It is the same as 
Figure 25 in Chapter VI, except that the “ice line” here leans 
to the right, in the direction of increasing temperature, because 
increase in pressure now raises the melting point. Figure 25 
was for a substance like ice that expands on solidifying, so that 
increase of pressure lowered the melting point, and the ice line 
there leaned to the left. 

On these pt diagrams, an isothermal is a straight vertical line. 
If the ice line leans to the right as in Figure 34, isotlicrmals like 
ABDE above the triple point, will traverse all three states. 
Thus AB is in the vapor, BD in the liquid, DE in the solid 
region. As we compress the vapor along AB, liquefaction 
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occurs at B with a large reduction in volume. By further com- 
pressing the liquid along BD, solidification occurs at D with a 
small reduction in volume. By further compression of the 
solid, we simply ascend DE. But these volume changes of 
course do not show on this diagram. They do show, however, 
in Figure 35, which is a pv or Andrews diagram for the same 
substance, and the isothermal ABDE there appears with the 
same letters. The point B of Figure 34 here becomes the line 
BB' . The point D of 34 here becomes the line DD ' . BB' 



FIG. 34 TRIPLE POINT DIAGRAM FOR A SUBSTANCE THAT CONTRACTS ON SOLIDIFYING 

is our familiar liquefaction line across the hump region. But 
we now see that the isothermal, after ascending the liquid 
region some distance, meets another transformation area at D, 
the solid-liquid region. Here the substance contracts as it 
solidifies without change in pressure. When solidification is 
complete, the isothermal again ascends almost vertically in the 
solid region. 

All the isothermals between the triple and the critical points 
act like ABDE, as may be seen from the several that have been 
drawn in Figure 35. An isothermal above the critic.il point 
misses the liquid region entirely ; but it will still hit the ice line 
at some stupendous pressure, provided this line continues inde- 
finitely to lean away from the reader. We have then this 
curious result, that, although it is impossible to liquefy a gas 
that is above its critical temperature, it may be perfectly 
possible to solidify it ! 
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As we go down temperature from the critical to the triple 
point, the liquid portions of the isothermals become shorter and 
shorter, until at the latter point they reduce to nothing. But the 
triple point, which is T in Figure 34, becomes the triple line 
TT” in Figure 35, and a very long one at that, for it includes 
not only the contraction from vapor to liquid TT', but also, the 
additional contraction from liquid to solid TT". The liquid- 
solid transition area springs from this segment T T", and runs 



FIG. 35-— THE ANDREWS ISOTHERMALS EXTENDED TO THE SOLID STATE 


like a narrow ledge up the diagram. Every liquid isothermal 
that meets this ledge drops down it to the solid region below — 
or, rather, tc the left. Below the triple line, the widened hump 
region represents a mixture of vapor and solid, and the direct 
transition from one to the other. 

For a substance like ice that expands on freezing T" would 
lie to the right of T', and the area below the triple line would be 
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narrowed instead of widened. The solid-liquid ledge would 
still spring from T' T" as before, but since it would lean toward 
instead of away from the reader, the isothermals that ’traverse 
the liquid region would not meet it. Only those below the 
triple line, which run up the ice region, would meet it, and 
would then drop off into the liquid region, which now has the 
lesser volume. But because the projecting ice would hide a 
good part of the liquid region, this case cannot be satisfactorily 
represented on a diagram such as Figure 35. 

The complete Andrews diagram is thus seen to consist of 
three regions representing vapor, liquid, and solid, and three 
transition areas, where the changes from one to the other take 
place. The Regnault diagram consists of the same three 
regions, and three transition lines, where the same transforma- 
tions take place. Evidently the two diagrams are only differ- 
ent presentations of the same thing. In fact, the one being a 
pv, the other a pt plot, they are related in the same way as the 
Boyle and Gay-Lussac diagrams of Chapter III, and may be 
combined into a single three-dimensional model in the same 
way. 

To do this, we must imagine a temperature axis starting from 
the lower left-hand corner of Figure 35, and receding from the 
reader, and each isothermal set back a distance proportional to 
its absolute temperature. We then see that the Regnault dia- 
gram is simply this model looked at from the reader’s right. 
The Andrews transition areas are then seen edgewise and be- 
come the transition lines of Regnault. The isothermals where 
they cross these areas are seen end on and become points; the 
isothermals themselves become lines straight up and down. 
The Andrews diagram is a front view of this model. 

But let us relieve our imaginations from further strain by 
actually constructing the model. We shall not, however, use 
carbon dioxide, nor the imaginary substance of Figure 35, but 
that substance which is most abundant and useful in this world 
and about which we possess the most extensive and accurate 
information, namely — water. This will enable us to plot the 
isothermals to scale. Then having set them up in the manner 
described, we give the model one-eighth of a turn to the left, so 
that the projecting ice region will not hide so much, and the 
result appears as in Figure 36. 

This model shows in a single view all the known forms ol 
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water, ice, and steam, including Bridgman’s five forms of ice. 
On account of the enormous ranges of pressures and volumes 
involved, it has again been necessary to use scales that greatly 
compress the higher values. The cube roots of the tempera- 
tures, the fourth roots of the pressures, and the tenth roots of the 



FIG. 36 MODEL FOR WATER, ICE, AND STEAM 


volumes have been plotted. These scales do not destroy the 
essential relations, but rather make it possible to bring them all 
into a single view. Compression of the volumes is particularly 
needed. The volume of ice at 32 degrees Fahrenheit is 0.0175 
cubic feet; that of steam at the same temperature is 3294 cubic 
feet, or nearly two hundred thousand times greater. If the 
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former volume were represented by only one-tenth of an inch, 
the latter would require on the same uniform scale nearly one- 
third of a mile. That would be the length of the triple line. 
It would be a little difficult to fold that up into a book. On the 
scale chosen instead, the two volumes are represented by lengths 
that, are in the ratio of about one to four. Even at that, the 
steam line runs off the model a little below 32 degrees, so that 
the enormous expansion that occurs when ice passes directly 
into vapor at low temperatures cannot be shown. On the 
other hand, the changes in volume between the different kinds 
of ice are so small that it has been necessary to magnify them 
ten times. 

The model has been cut off at —60 degrees, for the scales 
stretch out the low regions as much as they compress the high 
ones, and the absolute zero lies far forward to the left. The ice- 
steam area continues down to the absolute zero forming an 
exceedingly thin wedge. So far as known, nothing of interest 
occurs in this region anyway. The model has also been cut 
off at 0.0001 cubic foot. To continue it to zero volume would 
only inconveniently thicken the left back wall. The pressure 
or vertical axis alone has been brought down to zero. 

In the upper left-hand corner of the model are Bridgman’s 
four new forms of ice. These are all less in volume than water, 
and hence become sunk in areas, separated from the water 
region by the ledge that runs upward and to the right. Ice I, 
or ordinary ice, is represented by the pillar at the bottom. It is 
really a sheet that extends forward and leftward to the absolute 
zero. This ice being greater in volume than water, the ledge 
that separates it from the latter projects outward from the water 
surface. The ordinary ice line is hidden behind the pillar, and 
has been shown dotted. The ordinary triple point T 0 lies at 
the bottom of the pillar, Tj at the top. T 2 and T 3 lie farther up 
on the ledge. The pressures corresponding to these triple 
points are marked on the diagram. They are the same points 
that appear in Figures 26 and 27. 

It is interesting to follow the — 60 degrees isothermal, which 
forms the left front boundary of the model. This isothermal, 
after traversing the ice-steam surface, ascends the pillar of ice I, 
then crosses in succession ices II, V, and VI, thus crossing four 
kinds of ice. . At each junction there is a contraction in volume. 

This model, which portrays the behavior of a real gas, should 



Real Gases 


iii 


be compared with the one on page 36, which sets the standard 
of perfect behavior. This one is very different in appearance 
and much more complicated. Yet the complications fade put 
gradually as the temperature rises, and above 1200 degrees 
Fahrenheit the isothermals are quite smooth, and approach in 
form those of Boyle. 
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The model described in the previous chapter shows the actual 
behavior of a real substance in its various states. It is, how- 
ever, purely empirical, that is, it is simply a resume, an exhi- 
bition of what we know about the substance. An immense 
amount of experimental data was required for its construction, 
data that scientists have been gathering ever since the days of 
Regnault in 1847. We possess enough such information for a 
fairly complete model only for the substance water. 

The model of Chapter III for a perfect gas is a purely theo- 
retical construction. The whole thing is developed from the 
single equation fiv = RT, and if all gases were perfect, we would 
only have to determine by experiment the value of the single 
constant R for each gas, and then the complete behavior of 
every gas under all conditions and circumstances could be cal- 
culated. That would save an immense amount of experimental 
work and uncertainty. Despite the great mass of data that has 
accumulated, it often happens, when some new problem or new 
industrial development comes up, that the data required is 
lacking, or has not been determined with sufficient accuracy, or, 
if it has, is so buried amid mountains of other data that it cannot 
be found, and new measurements have to be made. Hence the 
physicist would like to develop a theoretical model that approxi- 
mates somewhat more closely to the actual behavior shown in 
Figure 36, and that does not ignore the changes of state, as the 
perfect gas model of Figure 18 does. Of course he cannot 
expect, with these added complications, to get out of it with so 
simple an equation as that for a perfect gas, nor to be able to 
make everything depend upon a single measurement for each 
gas. But if he could obtain a good approximation to any con- 
siderable part of the model of Chapter XI, that would take 
account at least of liquefaction, and would require only a few 
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measured constants, he would feel that a great forward step had 
been made. 

One trouble with the model of Chapter XI is its many discon- 
tinuities, that is, sharp corners. Every isothermal that passes 
through the hump region consists of at least three parts, one in 
the vapor, one in the liquid, and one in the transition region. 
Each part follows a separate law, hence requires a separate 
equation. But if these sharp corners could be gotten rid of, so 
that each part passed more or less gradually into the n<?xt, then 
the whole of such an isothermal could be represented by a single 
equation. The first step, then, toward our goal is to get rid, if 
possible, of these sharp corners, to make each isothermal a 
process of continuous change from end to end. 

We believe, in fact, that this would more nearly represent 
what actually occurs, for we believe that nature docs nothing 
suddenly. We have seen that amorphous substances do not 
have the sharp melting points that crystalline ones have, but 
rather places of more rapid change. It may be that the melting 
points of crystalline substances are not as sharp as they appear 
to the unaided eye, that if we could look at them with a mag- 
nifier, as it were, we would find them rounded, to be also places 
of more rapid but not of instantaneous change. Let us exam- 
ine, then, a little more closely just what happens when a 
substance changes state. 

Ordinarily when water is cooled, the fall in temperature 
stops when the freezing point is reached. Ice crystals then 
begin to form and the temperature remains constant so long as 
the freezing continues. But if pure water in a perfectly clean 
vessel is cooled very quietly, it is possible to reduce the tem- 
perature much below the freezing point without solidification 
occurring. This is called undercooling. Dcspretz succeeded in 
this way in cooling water to —4 degrees Fahrenheit without 
freezing it. The undercooled water continued to expand and 
to increase in viscosity as the temperature fell, just as it did in 
approaching the freezing point. If during the process, how- 
ever, there is the slightest jar, or a bit of ice is dropped into the 
liquid, a considerable amount of water freezes at once, and the 
temperature immediately rises to the ordinary freezing point. 
This rise is due to the latent heat released by the sudden 
solidification, which warms the liquid. 

An undercooled liquid is thus in a state ol unstable 
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equilibrium, which grows more acute as the temperature falls. 
With most liquids, a point is at last reached where spontaneous 
crystallization occurs, whether there is a disturbance or not. 
The crystals start at innumerable points distributed throughout 
the liquid and grow rapidly out from these as centers until the 
whole mass is solid. This process has been followed with the 
microscope. The number of points and the rate of growth are 
characteristic of the substance. If solid impurities are present, 
the crystals form around these as nuclei, and the process begins 
much sooner. 

It appears, then, that the freezing of a liquid at its freezing 
point, though the usual , is not the normal process. It is due 
solely to impurities and disturbances. The normal course for 
the pure and undisturbed liquid is to cool further to the tem- 
perature of spontaneous crystallization, and then solidify 
rapidly en masse. And the latent heat of fusion is not released 
until this crystallization occurs, no matter how much the liquid 
has been undercooled. This normal behavior is unusual only 
because impurities and disturbances are usual. 

It is further apparent that, because of the impulse and time 
required for the growth of a crystal, all freezing, even that of the 
usual sort, must be accompanied by some undercooling, 
although it may be very small and occur at innumerable 
points. A crystal simply will not form unless there is a nucleus, 
or a definitely indicated point for starting, and an impulse 
provided by the tension of an undercooling. In fact, when 
measuring melting points, or when fixing the zero point of a 
thermometer by a mixture of melting ice and water, it is 
important to stir the mixtures constantly, in order to avoid 
appreciable undercooling at any point. 

Chemists are familiar with a similar phenomenon when a 
substance crystallizes out of solution. A pure saturated solu- 
tion may be quietly cooled, and thereby become supersaturated. 
But if a crystal of the substance is dropped into the liquid, a 
considerable amount crystallizes out at once, and the tempera- 
ture rises to that at which the solution is again saturated. 

While it is difficult to undercool water and substances like it 
to any great extent, there are others for which it is difficult and 
even impossible to avoid undercooling. With all substances 
the tendency to crystallize increases as the temperature is 
lowered under the ordinary freezing point. But with these 



Boiling by Bumping 


"5 

other substances the tendency reaches a maximum value at 
some point, and thereafter diminishes as the temperature is 
further reduced. If this perilous stretch can be safely .run 
through, by rapid and quiet cooling, the temperature can then 
be lowered indefinitely without further danger of crystallization 
occurring. Nevertheless, the substance does not remain liquid. 
It solidifies with its molecules, so to speak, in place, precisely 
as they were in the liquid state. This process is analogous to 
the liquefaction of a gas with its molecules in place*, as was 
described on page 104. And as in the latter case there was no 
conspicuous change in appearance as the gas became liquid, so 
in this there is no conspicuous change as the liquid becomes 
solid. There is no sudden change in volume, no release of a 
latent heat. The properties of the substance change contin- 
uously, though more rapidly than at other temperatures. The 
substance simply becomes more and more viscous until it 
becomes hard. The solid is isotropic and clear like the liquid, 
only it refracts the light more strongly. It is hard, brittle, and 
when broken the fracture is smooth and without grain or facets. 
The substance is a glass. 

That glass is simply an undercooled liquid, that has belatedly 
solidified, is shown also by the fact that it sometimes does 
crystallize and solidify prematurely, much to the chagrin of the 
glass maker. This crystallization can, indeed, be induced by 
the addition of certain substances called mineralizing agents. 
They convert the glass into an opaque crystalline mineral. 

In the same way that a liquid can be quietly cooled below its 
usual freezing point, it can also be heated above its usual boiling 
point. Thus if pure water, from which the dissolved air has 
been driven off by previous boiling, is quietly heated in a clean 
flask, especially if the heat is applied from all sides by immersing 
the flask in an oil bath, the temperature can be raised much 
above the boiling point without boiling occurring. Dufour, 
by heating small drops of water immersed in a mixture of oils 
of the same density, was able to raise the temperature to 317 
degrees Fahrenheit without their boiling. If, however, the 
superheated liquid is disturbed, or a foreign object dropped into 
it, a large bubble of steam forms all at once and the temperature 
drops to the boiling point. Bubbles of steam will then continue 
to rise from the foreign object introduced, and if this has any 
sharp edges or corners, the bubbles form more readily at these 
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places, and arc then smaller and more numerous. If no foreign 
object is introduced, the temperature will continue to rise until 
suddenly an enormous bubble is formed and ejected with 
explosive violence. Then the liquid quiets down, the tempera- 
ture again rises until another big bubble is formed and violently 
ejected — and so on. This process is called boiling by bumping. 
It got its name from the fact that it sometimes occurs in steam 
boilers, when, from the clogging of the tubes or other causes, 
proper dirculation of the water is prevented. The intermittent 
boiling produces sudden rises of pressure, and a bumping noise. 
It is not good for the engine and may be dangerous. It signifies 
that the boiler should be cleaned at once. 

This boiling by bumping, like the undercooling, though not 
the usual process, is nevertheless the normal one. The ordin- 
ary quiet boiling is due to disturbances and foreign bodies. 
Fortunately our pots and kettles are sufficiently rough to pro- 
vide innumerable points where bubbles may easily form, and so 
the boiling is quiet. But the phenomenon is not so rare in the 
case of viscous liquids, which do not circulate freely. Watch 
a pot of thick porridge on the stove. Note how the middle 
slowly rises in a hump, breaks, and emits a big puff of steam 
from a crater-like opening, then subsides only to repeat the 
process over and over. The housewife knows that it is high 
time to apply artificial circulation in the form of vigorous 
stirring, else the porridge will burn. By so doing she keeps the 
bubbles small. They are then more frequent, and the rise in 
temperature between bumps is reduced. 

In the end, all boiling is by bumping. Every individual 
bubble, however small, involves an overheating of the fluid in 
its neighborhood, a rapid conversion of a finite quantity of it 
into steam, and a consequent drop in temperature to the 
normal boiling point. Every bubble requires something on 
which to form. None forms in the middle of the liquid, unless 
there are solid particles floating about. Otherwise they all 
form on the bottom or sides of the vessel, especially wheic there 
are rough places or projecting points. If there is a sufficiency 
of these, the boiling is quiet and steady. 

Because some slight bumping and overheating arc always 
present even during the quietest boiling, when measuring the 
boiling points of liquids or determining the steam point of a 
thermometer, we place the thermometer, not in the liquid, but 
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in the vapor just above it. This has the same temperature, but 
is not subject to the fluctuations caused by bumping. In the 
case of solutions, however, we cannot do this, because the ther- 
mometer then registers the boiling point of the solvent, not of 
the solution, as already explained. The instrument must be 
placed in the liquid. To insure, then, as even and quiet boiling 
as possible, a quantity of broken glass or crockery or sand is 
placed in the solution. 

Similar phenomena occur during condensation. The pure 
vapor can be compressed beyond the saturation pressure, or the 
temperature reduced below the dew point, without condensation 
occurring. But if smoke, dust particles, liquid particles, or ions 
(electrified atoms) , are introduced, a cloud immediately forms. 
The vapor condenses on the foreign particles as nuclei, and they 
seem to be necessary to the formation of a cloud. 

These facts have led some people to believe that by discharg- 
ing smoke, dust, or electricity into the air, rain could be 
produced. But this can only succeed if the atmosphere is 
already supersaturated, in which case it will presently rain 
anyway, and the rain maker is unnecessary. The method can 
sometimes be used, however, to precipitate a fog. 

Another favorite method has been to shoot bombs up into 
the clouds, with the idea that the explosions would somehow 
coagulate the droplets, instead of scattering them as might more 
reasonably be expected. The idea seems to be based on reports 
of rains that have followed battles, or on the observation that 
rain frequently falls just after a heavy clap of thunder. With 
regard to the latter, it must be remarked that, since the sound 
reaches us very quickly, while the rain takes some time to fall, 
it is more likely that the rain started first and provided the semi- 
conducting path that enabled the big flash to occur. The cart 
has been put before the horse. With regard to more occult 
methods of producing rain, nothing need be said. 

In 1871 James Thomson, the brother of Lord Kelvin, sug- 
gested that these phenomena of supersaturation, etc., would be 
more closely represented by isothermals of the form shown in 
Figure 37, than by those of Andrews. Starting with the vapor 
at A, and compressing isothermally along AB, condensation 
does not begin at B, but the pressure continues to rise until D 
is reached. Then a considerable amount of vapor condenses 
all at once, while the pressure falls and then rises again finally 
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to the value corresponding to the boiling point. Or starting 
with the liquid at H, and heating along the constant pressure 
line HKL , boiling does not begin at K, but the temperature con- 
tinues to rise, for the line crosses the higher isothermals until 
we come to the center of the depression at L. Then we recross 
the same isothermals in the reverse order. The temperature is 
now falling, and vaporization occurs. 



FIG. 37 — JAMES THOMSON’S ISOTHERMALS 


These isothermals of Thomson are continuous curves. 
Hence they are such as can be represented throughout their 
entire lengths by a single mathematical equation. If an 
equation could be found to fit them and also conform to the 
requirements of gases, the aim of the theoretical physicist men- 
tioned at the beginning of this chapter would be partially 
realized. Such an equation, in fact, was found by the Dutch 
physicist, Van der Waals, in 1879. He reflected that the 
theory of perfect gases is based on the assumptions that the 
molecules have no size, and that there are no attractions be- 
tween them, both of which assumptions are false. The mole- 
cules certainly have size, and determine a minimum volume for 
the gas. Since the molecules cohere strongly when in the 
liquid and solid states, there must also be attractions between 
them ; and while these forces may be very feeble when the mole- 
cules are far apart, they doubtless become of importance when 
the gas is concentrated and approaches its liquefaction point. 
Their effect would be to diminish the pressure which the gas 
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exerts by virtue of the impacts of its molecules on the walls of the 
containing vessel, for a molecule cannot strike so hard if held 
back by its neighbors. Van der Waals therefore introduced 
into the perfect gas equation pv = RT, two new terms to cor- 
rect for its two false assumptions. These involved two new 
constants, so that his equation contains three constants, 'to be 
determined by experiment for each gas, instead of the one 
constant R of the old equation . 1 

Van der Waals’s equation gives below the critical point 
isothermals greatly resembling those of William Thomson, and 
above this point isothermals closely resembling those of 
Andrews. If the temperature is further raised, the isothermals 
gradually approach the form of those of Boyle. Thus the 
behavior of a gas, both far above and considerably below its 
critical point, is very faithfully represented. But quantitatively 
the agreement with experiment is not as good as could be 
desired. Other and more complicated equations have been 
proposed, and some of them arc more exact than that of Van 
der Waals; but they involve additional constants and arbitrary 
assumptions that have no direct physical meanings. They arc 
empirical formulations that have simply been fitted to the facts, 
and so represent no theoretical advance. 

A complete equation of this sort should of course include the 
solid state. But here the complications, with the many crystal- 
line and amorphous forms, are much too great. Besides, we 
have not yet enough knowledge. A great deal of research is 
now being done on the solid state, aided by X-ray analysis and 
other powerful new weapons. Bui so far the results have only 
been to uncover endless new details and complications, which 
give rise to innumerable new theoretical problems. And it 

1 Van der Waals’s equation is (p + ajv 2 )(v— b) = RT; a and b are the two new 
constants to be determined by experiment ; b is simply the minimum volume of 
the substance, the space occupied by it when the pressure is infinite. Then 
(v—b) is the additional space occupied by the molecular motions. This subtract- 
ing out of b is equivalent to moving the pressure axis of the diagram a distance b 
to the left. The strip of space thus set off is never invaded by the isothermals 
produced by,the equation. The term a I v 2 is the additional restraint put upon the 
motions of the molecules by their mutual attractions. It is equivalent to a pres- 
sure which is added to the external pressure. Since each molecule attracts every 
other, Van der Waals assumed that this additional restraint would be propor- 
tional to the square of the density, that is, inversely proportional to the square of 
the volume of the gas. When the volume becomes very large, the value of this term 
becomes very small, so that the isothermals of Van der Waals then approximate 
to those of Boyle. 
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appears that there is still an immense amount of fine detail 
that lies beyond even the reach of the X-rays, to which we have 
only just begun to penetrate. We cannot, of course, begin to 
form a comprehensive theory until a good part of the facts con- 
cerned are at hand. 

I Sometimes wish that those philosophers who preach so 
powerfully about unity, and about its desirability, as though 
we had only to wish for it in order to have it, would try their 
hands at unifying the solid, liquid, and gaseous states of matter. 
Unity is easy to achieve when one’s eyesight is poor, and all 
things look alike anyway. But when one’s vision is sharpened 
by high-powered microscopes, and by instruments and methods 
that probe many times more deeply, he discovers such endless 
differences and variations, that to bring unity into only a 
minute fraction of them is the work of a lifetime. The scientist 
who, more than any one else in the world, is laboring to bring 
unity out of chaos, talks very little about it. He hasn’t the 
time. 
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What do we mean when we say that water is wet? We mean 
in general that it will adhere to the fingers or to other solid 
bodies that arc dipped in it, forming a thin film over their sur- 
faces. Other liquids are wet in the same way. On the other 
hand we say that mercury is dry, because it does not stick to 
the fingers, to glass, to cloth, or to many other objects. We 
usually think also that a liquid that is wet is always wet, and one 
that is dry is always dry. But this is not so. Water will not 
stick to a greased surface, but gathers itself into little globules, 
as though it were repelled by the grease, and were trying to get 
as far away from it as possible. Water runs off a duck’s back. 
On the other hand, mercury sticks very strongly to clean 
metallic surfaces, and forms a film over them just as water does 
when it wets an object. Nevertheless, we do not call this 
wetting, but amalgamation — perhaps because we cannot wipe 
the mercury off with a rag, as wc can water. But this is only 
because mercury does not wet the rag as water does. Obvi- 
ously two substances arc always concerned in the matter of 
wetting, the one that wets and the one that is wetted; and no 
liquid is universally wet, nor is any universally dry. 

Wetting is due to the attraction or adhesion between the 
molecules of one body and those of another. This attraction 
is always present; nevertheless wetting docs not always occur. 
In order for it to occur, two things are necessary. First, the 
two bodies must be brought into very close contact over con- 
siderable areas, because the molecular attractions are effective 
only at very short distances. The molecules of different solids, 
for example, attract one another. But the surfaces of solids, 
even when they appear quite smooth, are, molecularly speak- 
ing, rough. Two such bodies come into intimate contact only 
at isolated points. The adhesion produced by these few points 
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is too feeble to be effective. But when two pieces of glass are 
ground optically flat, and the surfaces are perfectly clean, then 
when they are pressed and wrung together, they adhere with a 
very appreciable force. A liquid, on the other hand, flows 
into every irregularity of a solid, and so comes into intimate con- 
tact over large areas. Hence it can adhere strongly. If the 
wetted surfaces of two pieces of glass are brought together, even 
if their surfaces are far from being optically flat, they will 
adhere strongly. They will slide easily on one another, but to 
pull them directly apart requires considerable force. 

The second condition that must be fulfilled if a liquid is to 
wet a solid is that the attraction between its molecules and those 
of the solid must exceed the attractions between its own mole- 
cules. In short, the adhesion must exceed the cohesion. For the 
molecules to stick to a foreign object, they must be drawn away 
from their fellow molecules — the foreign attachments must 
exceed the home ties. If the reverse is true, the liquid draws 
away from the foreign object, not because there is a repulsion — 
for there is not — but because the home ties are stronger, as 
illustrated by the way water on a greased surface draws itself 
up into globules. 

A further illustration is afforded by the behavior of liquids in 
tubes of small bore, especially in capillary or hairlike tubes. If 
such a tube is dipped in a liquid which wets it, the liquid is 
drawn a short distance up the tube, not only against gravity, 
but against the restraining attraction of the rest of the liquid, 
and the surface is concave, as shown at A in Figure 38. If, on 
the other hand, the tube is dipped into a liquid which does not 
wet it, like glass in mercury, the liquid is depressed in the tube, 
and the surface is convex, as at B in the figure. There is still 
attraction between the mercury and the glass, but the attraction 
of the rest of the mercury in the vessel is the stronger, and is able 
to pull some of the mercury down out of the tube. A rag is an 
excellent wiper for liquids that wet it because its many inter- 
stices form so many capillary tubes into which the liquid is 
drawn. But it will not wipe mercury because the latter is not 
drawn into these tubes. 

We also distinguish degrees of wetness. We say that a body 
is saturated, is sopping or wringing wet, when it is as wet as it 
can be. When less wet we call it moist or damp. But in every 
case we mean the presence of more or less liquid. Hence wet- 
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ness is something that pertains to liquids. In the following we 
shall further confine ourselves to the wetness that is produced 
by water. 

Nevertheless there is a general notion that ice and steam are 
also wet — in short, that water in all its forms is wet. The idea 
arises perhaps from the fact that all three forms wet the fingers. 
But ice does so because of a film of water that is produced by its 
melting, and this is caused either by the higher surrounding 
temperature or by the warmth of the fingers themselves. Ice 
below the freezing point is perfectly dry. On the other hand, 
steam condenses to water on the fingers because the latter are 
cooler. The steam before it condenses is perfectly dry, for if 
we put a dry object in it, which is at 
the same or a higher temperature, 
the object will remain dry. In both 
cases the wetting was done by water. 

Of the three forms, then, water alone 
is wet, and docs all the wetting. 

Steam in fact is a gas, as dry and 
invisible as air. The white clouds 
that we see issuing from a steam pipe 
are not steam, but arc composed 
of fine particles of water into which the cooled steam has 
condensed. 

If we boil water in a glass flask, as in Figure 39, the interior is 
perfectly clear, and nothing is seen of the steam until this cloud 
is formed. If the steam issues rapidly from a fine nozzle, a 
transparent space may often be seen between the nozzle and the 
cloud, where the steam has not yet condensed. Afterwards the 
cloud disappears, which means that the water reevaporates, 
and becomes again invisible steam, but at a lower temperature 
and pressure. All fogs, clouds, and mists are composed of fine 
particles of water or of ice. All vapors are dry, being merely 
gases below their critical temperatures. There are no “clouds 
of steam.” 

Yet the engineer often speaks of wet steam. Now how can 
steam ever be wet, if all vapors are dry, and all wetting is done 
by water sticking to the object wetted? Do we mean that 
molecules of water attach themselves to a molecule of steam 
and wet it? That would be absurd, because there is no differ- 
ence between a molecule of water and one of steam. When the 
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molecules are flying about freely and separately, they are steam. 
When a number are clumped together, they become a drop of 
water, and there is no distinction between the molecule that is 
wetted and those that are doing the wetting. Nevertheless, 
something df the sort we do mean. Steam is wet when a 
certain amount of water in the form of a fine mist is intimately 
mixed with it. The degree of wetness is measured by the per- 
centage of the mixture by weight that is water. 

This “mixture” must be distinguished from that represented 
by a point on the Regnault steam line, or within the hump 
region of the Andrews diagram. In this latter mixture, all of 

the water is at the bottom of the 


r x vessel, all of the steam is at the top. 
, A The two are separated by the liquid 

|| (I\' jjf surface. Steam in this condition, in 

contact with its liquid, but not 
fflff mixed with it, is dry and saturated — 

J V saturated, not because it contains 

/ $ any water, but because it is just ready 

to condense. 

We speak also at times of a gas 
being moist or humid, of the air being 
damp. Do we mean that a certain 
amount of water is intimately mixed 
with it, as in the case of wet steam ? 
fig. 39 — steam is INVISIBLE Do we mean that when such air 

comes in contact with an object, it will 
moisten it ? By no means ! Such air 
will dry the object. For instance, the washerwoman tells us that 
the air is very damp to-day, because it takes a long time for the 
clothes hung out on the line to dry. Nevertheless they do dry. 
Damp air, then, has no wetting power, but only a diminished 
drying power. And this is due, not to the presence of water, but 
of water vapor, which impedes evaporation. The air is dry, the 
vapor is dry, hence the whole mixture is dry, and has drying 


power. 

Nor is the so-called dampness measured even by the propor- 
tion of the mixture that is water vapor. A given mixture, when 
simply heated, becomes drier, in the sense that its drying power 
is increased, although the proportion of the ingredients is not 
changed thereby. Thus the laundry man, when it is too damp 
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outside, hangs his clothes up in the hot room, where he uses the 
same air to dry them, but heats it first. Now this heating can 
in no wise destroy any of the water vapor present, nor convert 
it into anything else. Furthermore, both the air and the vapor 
were already perfectly dry, hence cannot be made any drier by 
heating. Yet the drying power of the mixture is undoubtedly 
increased. What is the explanation? 

In the first place, the air has nothing to do with the drying. 
It cannot soak up water like a towel, because it cannot be 
wetted. Hence it can do no drying. But since evaporation 
increases with the temperature, hot air may promote the pro- 
cess by heating the objects to be dried. It may thus act as a 
heater, but not as a drier. 

Evaporation, as we have seen, results from the livelier mole- 
cules shooting out of a liquid. But some of them shoot back 
again, and the rate at which they do so depends upon how many 
are on hand. If none are on hand, as when a liquid is first 
introduced into a vacuum, the rate of evaporation is then a 
maximum, and is determined only by the temperature. But as 
evaporation proceeds — the liquid being in a closed container 
kept at constant temperature — the density of the vapor in- 
creases, the number of molecules shooting back increases, and 
the net rate of evaporation decreases, until, when the vapor 
reaches the saturation density corresponding to the temperature, 
the net evaporation ceases. Hence the “dampness” of an envir- 
onment, which is the inverse of its drying power, as measured by 
the rate of evaporation, increases as the vapor density increases, 
and reaches a maximum when the vapor is saturated. At any 
previous stage, the degree of dampness is measured by the quan- 
tity of vapor present in proportion to tha,t required for saturation. 
This ratio is called the relative humidity, or simply the humidity. 
It is zero when no water vapor is present, ioo per cent when the 
vapor is saturated, 50 per cent when the vapor density is half that 
required for saturation at the given temperature, and so on. 

In the calculations, we have paid no attention to the amount 
of air present, nor to the amounts of any other gases or vapors 
that might have been present. The only quantities used in 
reckoning the humidity were the amount of water vapor present, 
and the amount required for saturation at the given tempera- 
ture. The air, other gases, or even other vapors that might be 
present, take no part in the drying process. 
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According to Boyle’s law, the density of a gas is proportional 
to its pressure. This is also very nearly true for water vapor 
under the conditions we are considering. Now since the 
saturation pressure increases with the temperature, the values 
always being given by the Regnault steam line, it follows that 
larger- and larger quantities of water vapor will be required for 
saturation, that is, for 1 00 per cent humidity, as the temperature 
rises. And the same will be true for every other degree of 
humidity, except o per cent. The same amount of vapor 
present will therefore produce very different degrees of humid- 
ity according to the temperature. For instance, suppose that 
at a temperature of 66 degrees Fahrenheit the water vapor 
present is saturated. The humidity is then 100 per cent. In 
every cubic foot there is 0.001 pound of the vapor. Let the 
temperature now be raised to 102 degrees. The humidity 
drops to 33^ per cent, for at this temperature 0.003 pounds of 
vapor per cubic foot are required for saturation, and only 0.001 
pound is present. Heating therefore reduces the humidity, 
even though the amount of water vapor present remains the 
same. 

When the density of a vapor is below that of saturation, the 
vapor is superheated. The vapor in the air, then, that causes 
all our so-called dampness is superheated steam. It becomes 
at most saturated steam when the humidity reaches 100 per 
cent. But the reader will know full well by now that these 
terms are not necessarily associated with high temperatures. 
Steam may be saturated and even superheated at temperatures 
far below the freezing point. 

Suppose that into this environment at 102 degrees and 33^ 
per cent humidity we introduce a wet thermometer. The tem- 
perature of the latter will fall because of the evaporation of the 
water. But it cannot fall below 66 degrees, for at that tem- 
perature, as we saw above, the vapor is saturated, and evapora- 
tion ceases. If we introduce an object that is colder than 
66 degrees, dew will condense upon it. Sixty-six degrees is 
therefore the dew point for these conditions. Having deter- 
mined it in this way, we have only to look up in the steam 
tables the saturation densities corresponding to the dew point, 
and to the air temperature, respectively, and their ratio will be 
the relative humidity, as given above. 

At low temperatures, an extremely small amount of water 
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vapor suffices for saturation. At o degree Fahrenheit the 
saturation density is only 0.0003 pounds per cubic foot. A 
small room, ten by twelve, and eight and one-half feet high, 
or of about one thousand cubic feet capacity, would contain 
1 293 ounces of air, but only 1 . 1 ounces of water vapor. Yet the 
humidity would be 1 00 per cent. If this room were heated to 
70 degrees, the humidity would drop to 6 per cent, which is 
very dry. To bring the vapor again to saturation at the 
increased temperature would require the addition and vapor- 
ization of a whole pound — about a pint — of water. That is 
why the air in our heated houses is always so dry in winter, 
even if it is quite damp outside. Conversely, when air is 
artificially cooled, the humidity increases, and unless some of 
the water vapor is removed, the air feels uncomfortably 
clammy. 

People sometimes find it difficult to understand how there 
can be “moisture” in the air, when the temperature is below 
freezing. They think that it should all freeze up. And so it 
would if this “moisture” were in the form of water globules. 
But it is not. It is in the form of water vapor , which is a gas. 
A liquid can form only when the molecules are brought close to- 
gether. In a gas they are far apart. There is hence no 
difficulty in cooling water vapor far below the freezing point, 
and still having it a gas, so long as we keep the molecules far 
apart. That is, we must keep the density low; we must get 
down under the Regnault frost line of Figure 25. This means 
that very little water vapor can be present at these low tem- 
peratures, for as soon as the density rises to a value on the frost 
line, the humidity becomes 100 per cent and the vapor con- 
denses, not to water, however, but to frost or snow. 

In all of this we have made no mention of any part played by 
the air. It has been entirely absent from our considerations, 
and might just as well have been physically absent also. The 
air does, however, play the part of establishing and maintaining 
the temperature. When a liquid evaporates, it is cooled. 
Conversely the vapor is warmed. The air, being of inter- 
mediate temperature, cools the vapor and warms the liquid. 
It thus restores to the liquid the heat it loses, and keeps up the 
rate of evaporation. Hence the air acts as a temperature 
equalizer. Other than that, it can only hinder evaporation by 
its molecules getting in the way of those shooting out of the 



128 


Heat and Its Workings 


liquid, deflecting some of them back, and so preventing the 
vapor from diffusing away from the liquid as fast as it otherwise 
would. But this effect' is very slight, as we shall now show. 

John Dalton, the discoverer of the atomic weights, deduced 
as a consequence of the theory of perfect gases, that when 
several such gases are introduced into a closed container, each 
expands and fills the whole volume uniformly; and each exerts 
on the walls of the container a pressure which is exactly the 
same as it would have exerted had the others been absent. 
The only way the different gases affect one another is that their 
association constrains all to assume the same temperature. 
The pressure of each gas is then proportional to its density, that 
is, to the amount of it by weight that is present, and the total 
pressure on the container is the sum of the pressures exerted by 
the separate gases. This is called the law of partial pressures. 
One consequence is that a small sample of the mixture taken 
anywhere always shows the same composition. 

Now these deductions of course apply only to perfect gases, 
whose molecules are infinitesimal or of practically no size. 
Such a gas may fill a volume by its pressure, and yet occupy 
none of its space. Hence when another gas is introduced, it 
finds the space still wholly empty. It is not surprising, then, 
that several perfect gases should be totally unaware of one 
another’s presence, and act independently. There is nothing 
to them anyway. But real gases are composed of molecules of 
finite size. Hence they might be expected not to follow 
Dalton’s law exactly. However, Regnault tested the matter 
experimentally with great care, and found that real gases and 
even vapors when not too dense obeyed the law very closely. 
Under ordinary circumstances, then, even real gases arc nearly 
all space. Their molecules must be very small and far 
apart. 

A further confirmation is afforded by the fact that chemical 
analyses of air show that the composition of the atmosphere 
is substantially the same all over the globe. This means that 
each of the component gases is thoroughly diffused. The only 
component that varies considerably is water vapor. This is 
constantly being renewed by evaporation and removed by 
condensation, and these processes vary considerably from 
place to place and from time to time, as our variable weather 
attests. However, the water vapor content seldom exceeds one 
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per cent of the whole, and all of it is confined to within a few 
miles of the earth. The upper strata arc quite dry. 

As a result of these facts, the presence of air or of other gases 
above a liquid can have but little restraining effect upon 
evaporation. The pressure of a gas on the surface of a liquid 
does indeed affect the boiling point, because, for a bubble of 
vapor to form in the interior of the liquid, it must push the 
liquid away against the opposing pressure, which is substantially 
that of the gas pressing upon its surface. But evaporation 
takes place molecule by molecule. When air is at a pressure 
of one atmosphere and 32 degrees Fahrenheit, only about one 
five-thousandth part of its volume is occupied by molecules. 
Hence the molecules of an evaporating liquid shoot into this 
space almost as freely, and diffuse through it almost as readily, 
as though there were nothing there. A liquid exposed to the 
air therefore evaporates nearly as rapidly as in a vacuum. 



XIV 

Convection and 
Conduction 


Immediately above a hot body, such as a stove, we find a con- 
tinual stream of warm air ascending. The air in contact with 
the stove is heated and expands, and becoming thus less dense 
than the surrounding air, it rises. Cold air is drawn up from 
below to replace the hot air, and so a continual stream is 
maintained. This process is called convection. It maintains the 
draught in our fireplaces and chimneys, the ebullition of boiling 
liquids, the circulation of cooling water in an automobile 
when there is no pump, etc. Convection carries away great 
quantities of heat. Moderately hot bodies exposed to the air 
cool more by this means than by any other. 

The ancients were much impressed by the upward leaping of 
flames. They supposed fire to be one of the four elements, and 
that to rise was inherent in its nature. Hence the heavens 
were its natural abode, and all celestial bodies were of a fiery 
nature. Even Bacon reechoed this view when, in his Novum 
Organum, he pronounced heat to be an expansive upward 
motion. 

But a flame is only a gas heated to visibility, or containing 
incandescent carbon particles. It rises for the same reason 
that any other hot gas rises. It is, in short, a visible convection 
current, unusually strong, because of the high temperature. 
But the flame shows only a small part of the whole affair. If 
we place a lighted candle in the beam of a projection lantern 
and cast its shadow on a screen, the appearance shown in 
Figure 40 is produced. The flame itself occupies only the 
central part of a huge commotion, which looks like a much 
magnified flame that envelops not only the wick but a good part 
of the candle as well. This is simply a further portion of the 
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convection current, now rendered visible because it refracts the 
light differently than the surrounding air does. 

By convection, heat is borne away by the steaming of the 
heated matter itself. It is possible only in a mobile fluid. By 
conduction , heat is conveyed from one part to another of a body 
without any progressive motion of its parts. It is handed on, 
so to speak, from molecule to molecule, and spreads like bad 
news in a crowd. 

If a small part of a large body is heated, the molecoles in this 
part are thermally agitated. Knocking against the surround- 
ing molecules, they communicate their agitation to these, these 



FIG. 40 — THE SHADOV' OF A FLAME 

to others, and so on. The commotion, being thus distributed 
always among larger and larger groups, weakens as it spreads. 
The process is slow, and is much like the diffusion of a dissolved 
substance throughout a solvent. If only a limited amount of 
heat is communicated, it finally becomes evenly distributed 
throughout the body. The temperature becomes uniform. If 
heat is continually supplied, until the temperature of the body 
rises above that of the surroundings, the molecules at the surface 
communicate their excess agitation to the neighboring mole- 
cules of the air, so that heat escapes from all parts of the surface 
of the body. Thus a continuous flow of heat into and out of the 
body is maintained. 
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Heat, indeed, can be made to flow along a metallic bar much 
like water through a pipe. The longer and thinner the bar, 
the more difficult the passage, just as in the case of a water pipe. 
For this reason, the handles of our pots and pans are often made 
of coiled wire, instead of a solid piece. The path that the heat 
must tread is then long and narrow, and the surface from 
which it can escape is much increased. But the material of 
which the bar is composed also makes a difference. Some 
substances are good conductors, others are poor. Some are so 
bad that we call them nonconductors or insulators, but there 
are no perfect insulators. 

The metals in general are good heat conductors, the non- 
metals poor ones. If the pure metals are arranged in the order 
of their heat conductivities, this will also be the order of their 
electrical conductivities. There is a close connection between 
the two. The heat conductivities of a number of common 
substances are given in the table below in terms of silver = 
1000. Mercury is among the poorest metallic heat conductors, 
with a conductivity one-fiftieth that of silver. The nonmetals 
range from one two-hundredth that of silver for ice to i /20,000th 
for air. 

A number of popular illusions have arisen from a lack of 
understanding of the role played by conductivity. If several 
objects are placed in a constant temperature enclosure, they 
will all finally come to the same temperature, that of the 
enclosure. But to the senses they will seem to be of very 
different temperatures. If the enclosure was cold, a poor 
conductor like wool will not feel especially cold. A better con- 
ductor like stone will feel decidedly cold, while any metal will 
seem bitingly cold. Conversely, if the enclosure was hot the 
wool will feel but slightly warm; wood, glass, and porcelain 
moderately hot; but any metal blisteringly hot. Doubtless 
from such experiences as these arose the notion that some 
bodies are naturally cold, others naturally warm. “Stone 
cold” is still a common expression, as though stone were always 
cold. And Bacon in his Organum listed wool and “all shaggy 
substances” as naturally warm. The illusion is due to the fact 
pointed out by Tait, that our sensations of hot and cold do not 
directly depend upon the temperatures of bodies, but upon the 
rate at which heat is conveyed to or from the skin. A good con- 
ductor when cold abstracts heat from the hand faster, and 
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therefore sefems colder, than a poor conductor does, even though 
both have the same temperature. Conversely the good con- 
ductor when hot gives up its heat faster, and therefore seems 
hotter than the poor one. Also, as we shall see presently, the 
closeness of the contact which the substance makes with the 
skin affects the rate at which heat passes from one to the other. 
All “shaggy substances” make poor contact. 

It may surprise some to learn that water is a poor conductor 
of heat, being about 1 /770th as good as silver, and only three 


Relative Conductivities 
Good Conductors 


Silver 1000 

Copper 940 

Aluminum 520 

Zinc 270 

Tin 159 

Iron 155 

Lead 85 

Mercury 20 


Poor Conductors 


Ice 5 

Glass 1 .3-2.5 

Porcelain 2.5 

Water 1.3 

Cotton 0.56 

Cardboard 0.5 

Hydrogen 0.33 

Flannel 0.23 

Cork o. 1 3 

Felt 0.09 

Cotton wool # 0.05 

Air * 0.05 


times better than cotton, as may be seen from the table. The 
rapid cooling that can be obtained with water is due to con- 
vection, not to conduction, and to good contact, as will appear 
presently. Pure water is also a very poor conductor of elec- 
tricity. All the liquids are poor conductors of heat, and do not 
differ much in their conductivities from water The conduc- 
tivity of a liquid is difficult to measure, because it is hard to 
prevent convection currents. These are minimized by heating 
the liquid at the top. 
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The poorest conductors of all are the gases. They are still 
more difficult to measure, not only on account of convection, 
but because most of the heat is transported directly across them 
by radiation. Hydrogen and helium are much higher in con- 
ductivity than the rest, which are all about the same as air. 

One of the best heat insulators is a layer of air, as in the space 
between double walls. But convection currents must be pre- 
vented by filling the space with some loose material like feather 
stone. The conductivity of cotton by our table is 0.56, but that 
of cotton wool is 0.05, or about the same as for air. Hence it is 
the entrapped air that does all the insulating, 
not the cotton. The latter serves only to 
prevent air circulation. And because the 
conductivity of the cotton itself is higher, we 
must use as little of it as possible. It must 
not be packed tightly, but loosely. Similarly 
fur, felt, and all other “shaggy substances” 
owe their “warmth” to the entrapped and 
stagnant air. All heat insulating materials 
must be light, loose, and porous, in short, 
contain as little matter as possible. 

If the pressure of a gas is very much re- 
duced, its conductivity also falls. A perfect 
vacuum would be a perfect nonconductor, for 
there would be no matter present to effect the 
fig. 41— the dewar conduction. Wc cannot produce a perfect 
vacuum flask vacuum, but we can come quite near to it. 

The low conductivity of a near vacuum is ap- 
plied in the Dewar vacuum flask. This is a double walled glass 
vessel as shown in Figure 41, the space between the double 
walls being exhausted of air. Convection and conduction are 
almost wholly absent. A small amount of heat may be con- 
ducted up the inner wall and down the outer. But this is a 
long, narrow, and difficult path, for the glass is thin and a poor 
conductor. Direct radiation takes place from the inner to the 
outer wall, and from thence to the air, but this is minimized by 
silvering the walls, so that some of the radiation is reflected 
back. This flask was originally invented in 1891 for experi- 
ments on liquid air, but is now embodied in the familiar thermos 
bottle. 

Electric light bulbs were originally exhausted because the 
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carbon filanient was combustible. But the practice is still con- 
tinued with the modern metallic filaments, because loss of heat 
by convection and conduction is thereby much reduced. Since 
all heat losses must be made good by the electric current, this 
enables the filament temperature to be maintained with less 
current, which means a more efficient lamp. 

One consequence of the low conductivity of a gas is a pheno- 
menon known as the spheroidal state. If a drop of water falls 
on a moderately hot stove, it spreads out and quickly evapor- 
ates. But if the stove is very hot, the water gathers up into a 
little ball, which runs shimmering and spluttering about, and 
evaporates much more slowly. This is the spheroidal state. 
The hot stove causes such a rapid evaporation at the first 
instant of contact that the steam blowing downward pushes the 
drop up out of contact with the stove, and thereafter the drop 
rests on a cushion of its own steam. This being a poor con- 
ductor of heat prevents further rapid transfer of heat to the 
drop. The space between the drop and the stove can be seen 
with an arrangement like that of Figure 42. The eye is brought 



FIG. 42 THE SPHEROIDAL STATE 


to the level of the plate, and one looks at a bright fight beyond. 

Liquid air has a temperature of —320 degrees Fahrenheit. 
Compared with that, the hand is a pretty hot stove. Conse- 
quently a drop of liquid air taken on the hand assumes the 
spheroidal state, and if not allowed to sit in one place too long, 
will produce no painful impression. Frozen mercury at —38 
degrees Fahrenheit, on the contrary, will produce a severe and 
painful burn. One can also dip his hands, if they are moist, 
into molten iron without injury. Here it is the steam evapor- 
ated from the hand that forms the insulating layer. Robert 
Houdin, the famous French magician, had the courage to try 
this experiment, although his hands of course were invaluable 
to him in his profession. It is not, however, an experiment to 
be recommended. 
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When one end of a conducting bar, which is heavily insulated 
as shown in Figure 43, is kept at a constant high temperature, 
and the other at a constant low temperature, there is a steady 
flow of heat through the bar ; and if the bar is uniform, there is 
also a steady drop in temperature from the high to the low end, 
as shown by the dotted line connecting the tops of the mercury 
columns of the thermometers. The slope of this line, which is 
given by the total drop in temperature divided by AD, is called 
the tempefature gradient. It is analogous to the slope of a hill 
down which water is running. In fact we have here a heat 
pipe, analogous to a water pipe connecting two reservoirs in 



FICi. 43 — THE TEMPERATURE GRADIENT 


which the water stands at different levels, as in Figure 44. If 
the levels are kept constant, by pouring water into the one tank, 
and drawing it off from the other, as fast as the water flows 
between them, the flow will be steady. And if the pipe is 
uniform, there will be a steady drop in pressure or head along 
the pipe as shown by the water levels in the open vertical tubes 
inserted at intervals along the pipe. 

Finally, we have the same thing in electricity. When the 
two ends of a uniform wire are kept at a constant difference of 
electrical pressure or potential (measured in volts), there is a 
steady flow of electricity along the wire, and a uniform drop in 
potential from the high to the low end — a potential gradient. 

In all three cases the steadiness of flow depends upon the 
constancy of the end conditions; the steepness of the gradient 
depends upon the resistance of the bar, pipe, or wire, and the 


Convection and Conduction 


1 37 


latter upon its cross-section and specific conductivity; the uni- 
formity of the gradient depends upon the uniformity of the bar, 
pipe, or wire. Wherever there is a constriction, there will be a 
greater resistance, and the gradient will be steeper. A more 
rapid fall in temperature, height, or potential will be required 
to force the heat, water, or electricity through this difficult 
place. 

Especially difficult places occur where two different pieces or 
bodies come into contact. In electricity we call it contact 
resistance. Everybody knows that the contact must be good. 
The abutting surfaces must be large, and they must be clamped, 
screwed, or otherwise tightly pressed together. If the cc xtac* is 



FIG. 44- PRESSURE GRADIENT IN A WATER PIPE 

poor, there will be a large drop in potential or temperature at 
the place, as shown in Figure 45. Solids make poor contact 
because their surfaces are always rough, as exaggeratedly indi- 
cated in the figure, even when they seem quite smooth. 
Liquids make good contacts with each other and with solids, 
because they flow into every depression. Hence soldered or 
welded joints arc good, both in electricity and in heat. 

A gas and a solid make exceedingly poor contact, for the 
reason that a gas is mostly space. At any given instant only 
one three-hundredth to one five-hundredth part of the surface 
of the solid will be in contact with the gaseous molecules and 
delivering heat to them by conduction. There is hence great 
difficulty in transferring heat from a solid to a gas and vice 
versa, especially if it must be done quickly. Large contact 
surfaces and a great difference in temperature arc required. 
This circumstance has caused the failure of every hot air 
engine that has ever been devised. It is for this reason that the 
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temperature of a kettle on the stove is much nearer to that of the 
water it contains, than to that of the fire. The heat of the 
latter can pass to the kettle only at the expense of a great drop 
in temperature, 1000 degrees or more. In passing through the 
metal of the kettle there is almost no drop, for it is a good con- 
ductor. In passing from the kettle to the water there is again 
but little drop, because the contact is excellent. However hot 
the fire, the kettle is hence at nearly the same temperature as 
the water. This fact can be strikingly demonstrated by the 
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FIG. 45 CONTACT RESISTANCE 

little experiment pictured in Figure 46. Water can be boiled 
in a paper box as shown without even charring the paper. If, 
however, the flames pass up around the sides of the box, they 
will burn the paper above the water’s edge. 

It is for these same reasons that a swimmer gets cold, even if 
the water is as warm as the air. The water makes close contact 
with his body and rapidly withdraws heat from it, while the air 
makes poor contact. If a red-hot poker is exposed to the air, 
it cools slowly. But if it is plunged into water, it quenches 
immediately. Liquids are therefore much more effective 
coolers than gases such as air, not only because of their higher 
thermal capacities, as already pointed out, but also because of 
far less contact resistance. 

Let us now try another experiment with the heat pipe of 
Figure 43. Instead of subjecting the two ends to constant tem- 
peratures, let us subject the end A to a temperature that alter- 
nately rises and falls above and below that to which the end B 
is subjected, and which is kept constant. Because it takes time 
for heat to travel, it is evident that at any point along the rod 
the temperature will not begin to rise until some time after it 
has started to do so at A. The more distant the point, the 
greater will be the delay. But if there is no leakage of heat 
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along the way, each point will eventually execute the same 
alternations of temperature that were impressed at A. In 
short, a temperature wave will travel along the rod. 

If at some point on the rod, the temperature does not begin 
to rise until at A it has already reached a maximum and 
descended again to the mean, these two points are said to be in 
opposite phase. For the temperature at the one is rising while 
that at the other is falling, and vice versa. The distance along 
the bar between the two points is then half a wave length. A 



FIG. 46 — BOILING WATER IN A PAPER BOX 

point at double this distance will be again in phase or in step 
with A, and this distance will be one wave length. 

Since the temperature at B rises and falls alternately above 
and below that of its surroundings, heat will flow out of and 
into the rod at this point. Instead of a continuous flow, we 
shall have a back and forth movement of heat in the rod — an 
alternating current of heat. Thus no heat is permanently 
transferred from one end to the other. The wave alone is 
propagated in a definite direction. 

We have supposed perfect insulation, but this is never 
possible. Moreover, there will always be loss from radiation. 


140 


Hfat and Its Workings 


Heat will therefore leak out all along the way, and the waves as 
they advance will diminish in amplitude. Short waves die out 
more rapidly than long ones. Very short waves have so great 
a tendency to spread in all directions, that it is impossible to 
force them very far in any one direction. They die out almost 
immediately. Since heat travels slowly and is difficult to 
insulate, only very slow alternations can be transmitted to any 
considerable distance. 

Exactly similar relations hold for electricity. But electricity 
travels fast, and is easy to insulate. Hence much higher fre- 
quencies can be transmitted along a wire, and to much greater 
distances. But here, too, the higher frequencies die out more 
rapidly, and a limit in wire transmission is set by the tendency 
of the short waves to radiate in all directions away from the 
wire. This tendency of course is made use of in wireless tele- 
graphy. 

We are perhaps accustomed to think that these relations 
apply primarily and particularly to electricity. But they were 
all discovered and worked out for heat by Fourier in 1822, long 
before any one dreamed of applying them to electricity. 

These temperature waves are exemplified by many common 
occurrences. Every day at noon the sun reaches its highest 
point in the heavens, and is then sending us the maximum 
amount of heat. But the hottest part of the day occurs between 
two and four in the afternoon, and the coldest part of the night 
between two and four in the morning. There is hence a lag of 
from two to four hours in the diurnal temperature wave in 
the atmosphere near the earth’s surfaee. This is because the 
sun’s heat penetrates the ground a short distance, and warms 
the objects all about. These take time to cool off, and in so 
doing continue to warm the air for a time after the sun’s rays 
have begun to decline. 

Inside a house there is a further lag on account of the time 
required for the heat to penetrate the walls, and to be re- 
emitted by them. Indoors it may still be hot in the evening 
while outside it is already cool, or cold in the morning when it is 
already warm outside. If the walls are very thick, as at the 
base of the Washington Monument, it may be cold in the day- 
time and warm at night, a lag of twelve hours. 

We have also a seasonal wave. The days are longest and we 
receive most heat in June. They are shortest and we receive 
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the least heat in December. But the hottest month is August 
and the coldest is February. There is here a lag of two months. 
This is mostly due to the heat that penetrates the ground during 
the warming, and is slowly given out during the cooling. 

We can follow these waves into the ground by placing ther- 
mometers at different depths and reading them at intervals. 
In this way it has been found that the short diurnal variation 
dies out in from three to four feet; but the long seasonal wave 
can be followed to a depth of fifty feet or more. The amplitude 
diminishes rapidly at first and then more slowly as shown in 
Figure 47. Only a few feet down the seasonal wave has so 
far diminished that the freezing point is never reached. Pipes 
laid underground do not freeze, and underground chambers 



FIG. 47 THE UNDERGROUND SEASONAL TEMPERATURE WAVE 


maintain a nearly constant temperature the year round. There 
is, of course, also a progressive increase in lag. At twenty-five 
feet, the wave is already six months in arrears, so that at this 
depth it is warm in winter and cool in summer. The whole 
variation, however, is then only one-twenty-third of its value at 
the surface. At fifty feet, the wave is a year behind, and its 
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amplitude one-five-hundredth of that at the surface — prac- 
tically no variation at all. 

One hot summer’s day, when the author was on a hiking trip 
in Canada, the party came to a spring whose water was 
extraordinarily cold. The guide told the party that in winter 
this water was warm. Now this may have been only an effect 
of contrast; but it may also have been true. If the water came 
from a depth of twenty-five feet, it would come from a region 
where the seasons are reversed. However, with a variation at 
the surface of 92 degrees between summer and winter, there 
would be at this depth a variation of only 4 degrees. This 
would scarcely be perceptible to the unaided senses, especially 
with an interval of six months between the observations to be 
compared. 
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Radiation 


If one brings his hand near a hot object, its heat can be felt 
before the object is touched. Evidently heat is transmitted 
across the space between the object and the hand. That this 
can take place without the intervention of matter, is proved by 
the fact that heat comes to us from the sun across ninety-three 
million miles of vacuum. It reaches us also from the far more 
distant stars. In fact, any matter whatsoever in the path of 
this radiant heat obstructs its passage, and may stop it alto- 
gether; for all bodies absorb it more or less, and only a complete 
vacuum is perfectly transparent to it. By conduction and con- 
vection the transfer of heat is effected by means of matter , and 
heat can be transferred in this way only as far as matter extends 
or can itself be transported. By the process of radiation, how- 
ever, heat is divorced from its association with matter, and can 
travel in this way as far as empty space extends, which is to say, 
indefinitely. 

When a total eclipse of the sun occurs, the heat and light- 
received are both cut off at the same instant. Hence both 
travel in a vacuum with the same speed. Heat rays like light 
rays travel in straight lines, as is proved by the heat shadows 
cast by heat opaque objects. Both forms of radiation diminish 
in intensity as the square of the distance increases. Heat rays 
can be reflected, refracted, and brought to a focus as by means 
of a burning glass. In all of these ways they are completely 
analogous to light rays. 

The mechanics of radiation, of its propagation, and absorp- 
tion, are not yet fully understood. We shall not here discuss 
the rival wave and quantum theories, the existence or nonexis- 
tence of an ether, which are very large questions, but shall con- 
fine ourselves to the essential facts, which are independent of 
any theory. 
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When a body radiates it is cooled. The body which receives 
and absorbs the radiation is heated. The transaction there- 
fore represents a transfer of energy. The ray is born of some 
kind of agitation or oscillation. In the most general sense an 
oscillation is merely a repeated series of events that takes place 
at a definite locality. The number of times per second that the 
series is repeated, is called the frequency. When a ray is ab- 
sorbed, it produces in the absorbing body an agitation or 
oscillation which also has a frequency. Hence the ray itself 
must embody a frequency. Experiment shows that with every 
ray, at least on its arrival, is associated a very definite frequency, 
and that there is a considerable range of these. 

If two rays striking at the same point are such that they 
produce equal oscillations in opposite phase, they annul each 
other’s effect. This is interference. We can obtain it with 
sound, adding sound to sound to produce silence. We can 
obtain it with light, adding light to light to produce darkness. 
We can obtain it with heat rays, adding heat to heat to produce 
absence of heat. 

Sound, light, and heat rays will also bend to some extent 
around the edges of obstacles. This is called diffraction. It is 
also a frequency effect, for it is large when the frequency is low, 
and small when the frequency is high. It is very large for 
sound. Thus we can hear the shout of a man who is behind a 
house, but we cannot see the fire he has built nor feel its warmth. 
Nevertheless, by very delicate instruments we can find near the 
edge of the shadow both light and heat rays that have bent 
slightly into the shadow. Sound, therefore, has low frequency ; 
light and heat rays have very high frequencies. 

Light and heat we have seen travel at the same speed. The 
speed is very high, 186,000 miles per second. Sound travels 
only eleven hundred feet per second. Sound also requires the 
presence of air or of some other material substance for its pro- 
pagation, whereas light and heat rays traverse a vacuum 
unhindered. There is yet a third difference. If we pass light 
or heat rays through certain forms of apparatus, we find that it 
makes a difference whether a certain part of this apparatus 
(which may be a crystal) is rotated on an axis parallel with the 
rays, say, from a vertical to a horizontal position. Interference 
will occur in the one position and not in the other. This effect 
is called polarization. It does not occur with sound. 
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So far, however, we have uncovered no physical distinction 
between heat and light rays. There remains but one possi- 
bility — a difference of frequency. In fact, heat rays are found 
to have a lower frequency than light rays. This is proved by 
their greater diffraction or bending into the shadow, or by their 
less refraction or bending when they enter obliquely a denser 
medium. When, for example, the sun’s rays are brought to a 
focus by a burning glass, the hottest spot will be found slightly 
farther from the glass than the brightest spot, showing the less 
convergence or bending of the heat rays by the lens. But a 
more satisfactory demonstration is given by a slit and prism 
arranged as in Figure 48. 



The white light of the sun contains a number of frequencies. 
When the light passing the slit falls upon the prism, the rays are 
differently refracted or bent according to their frequencies, the 
high frequency rays being bent the more. The rays are thus 
sorted out according to their frequencies, which to the eye is 
according to their colors. The white light is thus drawn out 
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into the rainbow band we call the spectrum. Violet light is 
refracted the most and therefore has the highest frequency. 
It stands at the end of the spectrum nearer the base of the prism, 
the right-hand end in the figure. Red is refracted the least, 
and therefore has the lowest frequency. It stands at the 
other end of the spectrum. The other colors fall in between. 
If now we place a series of sensitive thermometers along the 
spectrum, and some to the right, and some to the left of it, as was 
first doile by William Herschel in 1 800, we shall find that they 
all rise in temperature. But those in the visible part of the 
spectrum rise very little, those to the right still less. Those to 
the left, however, show a very considerable rise in temperature. 
Here, then, in the low frequency region, in the infra-red, there 
are invisible rays that have great heating power. But all the 
rays show some heating effect, even those in the ultra-violet 
region to the right. All, then, are really heat rays. Light 
rays are simply those heat rays that happen to affect the optic 
nerve of the human being. Nevertheless, for distinction and 
convenience, and because most of the heat is there, we agree to 
call the infra-red the real heat spectrum. The extent of the 
infra-red is very much greater than that of the visible spectrum. 
The frequency of violet light is about eight hundred million 
million per second, that of red light is half of this. The infra- 
red begins, therefore, at a frequency of four hundred million 
million, and it has been followed down to a frequency of about 
two million million. In terms of inverse frequencies, which on 
the wave theory would be wave lengths, the infra-red is two 
hundred times as long as the visible spectrum. If the latter 
were one inch in length, the former would be over sixteen feet 
long. Even this is not the end, for the infra-red merges into the 
electric spectrum. 

The radiation that falls upon a body is partly absorbed, partly 
transmitted, and partly reflected. If a large proportion is 
absorbed, the body is opaque. If a large proportion is trans- 
mitted, the body is transparent. A body is not heated by the 
radiation it transmits or reflects, but only by what it absorbs. 
Thus, the sunlight that streams through the windowpanes does 
not heat the glass, but heats the objects in the room that catch 
and absorb it. 

We usually think of bodies as opaque or transparent, accord- 
ing to whether they stop or transmit light. But bodies that are 
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transparent to light are not necessarily transparent to heat rays 
or vice versa. Glass is transparent to both, but water is more 
opaque to heat. It is for this reason that a water cell is inter- 
posed in a projection lantern between the arc and the film to 
protect the latter. The light rays pass freely, but the heat rays 
are largely intercepted, and may even bring the water to boil. 
Fluor spar and rock salt, though opaque to light, are trans- 
parent to heat, for which reason prisms and lenses made of these 
substances are much used in experiments on radiant heat. 
One must remember also that the infra-red spectrum covers a 
very large range of frequencies. A body may be transparent 
to one range and opaque to another, just as is the case with light 
rays, from which the colours of objects are due. Glass, for 
example, though transparent to the higher frequency heat rays, 
is quite opaque to the low frequency ones. Rock salt on the 
other hand is transparent to the very low frequencies, and is 
extremely useful on this account. 

Many years ago Benjamin Franklin laid pieces of cloth of 
various colors on snow exposed to the sun, and noted how far 
each sank by the melting of the snow beneath. The darker 
on“s sank the farther, from which he concluded that they were 
the better absorbers of heat, and recommended that dark colors 
be worn in winter and light ones in summer. This conclusion 
is not entirely justified, however. A black substance absorbs 
more light than a white one, but this tells us nothing about its 
absorption of heat . . Tyndall, for example, showed that alum, 
which is white, is a much better heat absorber than iodine, 
which is dark; and black amorphous phosphorus is a poor 
absorber of heat, while sugar is a good one. 

Low frequency radiation is associated with low temperature 
heat, and high frequency with high temperature heat. If we 
gradually heat a refractory substance, its radiations are at first 
of very low frequency. But as the heating proceeds, radiations 
of higher and higher frequencies are added until the body 
begins to glow with a dull red color. We have at this point 
reached the low frequency end of the visible spectrum. If the 
temperature is still further increased, the glow brightens, its 
color changes to orange, to yellow, and finally to a dazzling 
white. The whole visible spectrum is now present in addition 
to the infra-red. It is because the higher the temperature, the 
greater is the proportion of visible rays to the total heat emitted, 
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that electric lamp filaments are run at the very highest tempera- 
tures consistent with a reasonable life of the lamp. The light 
is then also whiter and more nearly like daylight. 

Since all light rays produce heating effect, light entirely 
without heat is impossible. But the heating effect of the visible 
rays, especially of those toward the violet end of the spectrum, 
is exceedingly small. Any means by which these rays could be 
excited, without at the same time arousing the infra-red, would 
give a cl'ose approximation to light without heat. We have 
such means in the neon light, in phosphorescence, and in other 
such phenomena. 

The fact that glass is transparent to high frequency heat rays 
and opaque to low frequency ones, makes it possible to use it as 
a sort of heat trap. This is the principle of the hothouse. The 
sunlight enters with its high frequency heat rays and warms the 
ground and the objects in the hothouse. These re-radiate the 
heat, but it is now low temperature heat, and the rays are of 
low frequency. These are stopped by the glass, and so the 
sun’s heat is trapped. 

It was suggested by Fourier about 1800 that the earth’s 
atmosphere may similarly act as a heat trap, and that this 
would account for the comparatively mild and equable climate 
of our planet in contrast to the violent alternations of tempera- 
ture that take place on the airless moon. These violent alter- 
nations, by the way, were more or less a matter of conjecture in 
those days, but they have recently been confirmed by measure- 
ments made at Mount Wilson, California. During the lunar 
night, the temperature descends to that of liquid air; during the 
day, it rises above that of boiling water. 

This theory of Fourier’s is appropriately called the hothouse 
theory. It was carefully tested by Tyndall, who in 1859 began 
a series of measurements of the transparency of gases and vapors 
to the low temperature radiations of a cube of boiling water. 
He found, indeed, that these substances were more opaque to 
the low than to the high frequency radiations, so that there is a 
hothouse effect. But he also found that some constituents of 
the atmosphere arc much more effective in this respect than 
others. Water vapor he found to be seventy times, and 
carbon dioxide ninety times more opaque to the low frequency 
rays, than dry air. The hothouse eirect of the atmosphere 
therefore depends largely upon the percentages of these con- 
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stituents present. This doubtless accounts for the more 
equable climate of humid than of dry regions. 

Arrhenius, in his Worlds in the Making (1908), drew some 
rather remarkable conclusions from the high opacity of carbon 
dioxide. He believes that the warm and equable climate that 
prevailed all over the earth at the time of the carboniferous age, 
when coal was laid down in Alaska, Spitzbergen, and even on 
the Antarctic Continent, was due to the high percentage of 
carbon dioxide then in the air. He further believes that nearly 
all of the oxygen now in our atmosphere was produced by the 
stupendous vegetation of that age, which decomposed the 
carbon dioxide, depositing the carbon in the ground and liber- 
ating the oxygen. Hence, when all our coal is burnt, so too 
will nearly all the oxygen in the air be exhausted. However, 
by this replacement of the carbon dioxide in the atmosphere, 
the earth’s climate should again become mild. This may com- 
pensate to some extent for the depletion of our coal and oxygen, 
provided that we can meanwhile develop lung capacity adapted 
to the stulTy atmosphere. At the rate that our factory chim- 
neys are now pouring carbon dioxide into the air, Arrhenius 
thinks that a century or two should already make a noticeable 
difference in the climate. But if man is not ultimately to die 
of suffocation, or return to the primitive, it is obvious that he 
must find some other source of mechanical power for his 
industries than the burning of fuel. 

Bodies that are transparent to heat rays arc poor conductors 
of heat. One must not confuse transmission and conduction. 
All the metals arc very opaque to heat rays, because they are 
good conductors of heat. If we wish to shield ourselves from 
the radiation of a fire, we should interpose a sheet of metal. 
Wood, glass, or any other poor conductor of equal thickness, 
would be much less effective. We have the same relations in 
electricity. Good conductors of electricity are opaque to 
electric waves, while insulators are transparent. A thin copper 
screen will stop radio waves completely, while thick stone or 
brick walls offer almost no hindrance. In fact the whole radio 
receiver is operated by the waves that are stopped by the an- 
tenna wire. 

The rate at which a body emits heat depends upon the 
nature and extent of the surface, and its temperature. A 
rumpled or rough surface radiates better than a smooth one. 
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Hence we provide the cylinders of an air-cooled motor with 
many pallets and vanes, so as to get as much surface as possible. 
On the other hand, the calorimeters used in heat measurements 
are nickel plated and highly polished, so as to reduce the radiat- 
ing surface. For the same reason the inner walls of the vacuum 
space of a thermos bottle are coated with quicksilver, since this 
reduces the radiation as well as reflecting some of it back. 

But more than anything else the rate of radiation depends 
upon the surface temperature. Newton found that for a 
moderately warm body exposed to the air, the rate of cooling is 
proportional to the elevation of its temperature above that of 
the surroundings. This is called Newton’s law of cooling. It 
can easily be verified by filling a flask with hot water, inserting a 



thermometer, and reading the latter at intervals. Then mak- 
ing a temperature-time plot, the curve shown in Figure 49 is 
obtained. At every point of this curve, the ratio of the drop in 
temperature per minute dt to the temperature height t of the 
point above the room temperature is a constant. The rate of 
cooling at every instant is therefore proportional to the tempera- 
ture height. It is rapid at first, becomes slower and slower, 
and approaches the room temperature asymptotically. An 
infinite time would theoretically be required to cool completely 
to the room temperature. 

If a waiter brings you a cup of black coffee, and you intend 
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to use sugar and cream, you should put them in at once, instead 
of waiting until you are ready to drink the coffee. This will 
lower the temperature at once, but the subsequent loss of heat 
by cooling will be less because of this lowered temperature, and 
the coffee will be hotter in the end than it would be if you had 
delayed putting in the sugar and cream. 

Some of our housewives are of the opinion that tea will keep 
hot in a silver teapot longer than it will in a china one. This 
they prove to themselves by feeling of the pot, which they find 
after a lapse of time still feels quite hot, whereas the china pot 
does not. But, as pointed out in the preceding chapter, silver 
is an exceedingly good conductor of heat, whereas china is not. 
So even if both were at the same temperature, the silver pot 
would feel hotter. Furthermore, the good woman feels the 
outside of the pot. Now, because of its high conductivity, the 
outside of the silver pot will be nearly as hot as the tea within, 
while the outside of the china pot, because of its low con- 
ductivity, will be much cooler. Precisely because of its high 
outside temperature, the metal pot cools faster. The very fact 
that it feels hot, shows that it parts with its heat readily. A 
thermos bottle, even when filled with a boiling liquid, feels 
scarcely warm on the outside. It is because of this low surface 
temperature that it cools slowly. The whole temperature 
gradient is inside the bottle instead of outside. And you will 
not discover after an hour’s time if the liquid within is still hot, 
by feeling the outside of the bottle. 

The curve representing Newton’s law of cooling is useful 
in many other ways. Mathematically it is a logarithmic 
or exponential curve. It is the plot of a geometrical against an 
arithmetical series. It is the relation between multiplying and 
adding. It represents the growth or decline of any quantity 
where the rate is always proportional to the amount on hand. 
Hence it represents the growth of capital when put out at com- 
pound interest, the increase of population according to the law 
of Malthus, the growth of any organism by the multiplication 
of its cells, It represents the rate of radium decay; it is the so- 
called logarithmic decrement of damped vibrations, especially 
applicable to radio waves. In Figure i (page 4) this same 
curve, turned a quarter turn to the right so that the asymptote 
becomes vertical, showed the relation between a sensation and 
its stimulus known as Weber’s law. In Figure 47, the same 
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curve, reversed as in a mirror, showed the manner in which 
temperature waves die out as they penetrate underground. 
These are only a few of the many applications of this curve, 
which are found in such diverse fields as physics, economics, 
sociology, biology, and psychology. 

Unfortunately this simple cooling law holds only for moder- 
ately warm bodies. Moreover, it is not a pure radiation law, 
for most of the heat is carried away by convection and some by 
conduction. If these are prevented or reduced to a very low 
figure, as by suspending the hot body in a vacuum, it is found 
that the rate of radiation increases much faster with the tem- 
perature than according to Newton’s law. Stefan found em- 
pirically in 1879 that the rate of radiation is proportional to the 
fourth power of the absolute temperature of the radiating body, 
and Boltzman later deduced the same law from theoretical 
considerations. According to this law, if the absolute tempera- 
ture of a body is doubled, it radiates sixteen times as fast. At 
moderate temperatures, then, radiation plays but little part. 
Most of the heat is carried away by convection and conduction. 
But at high temperatures it plays the dominant role, and in the 
case of the sun and the stars, which are entirely immersed in a 
vacuum, it plays the entire role. However, Newton’s cooling 
law is sufficiently exact for many purposes, when the bodies 
concerned are only slightly warmer than their surroundings. 
It is much used to correct calorimeters and other heat apparatus 
for loss of heat during the experiment. 

It may be noted that Newton’s law states that the rate of 
cooling depends upon the difference between the temperature 
of the body and that of its surroundings, whereas Stefan’s law 
states that the rate of radiation depends upon the absolute 
temperature of the radiating body alone. According to Stefan, 
then, a body is always radiating, even if its temperature is much 
below that of the surroundings. How is it, then, that a body 
does not cool itself right down to the absolute zero? The 
answer is given by Prcvost’s theory of exchanges. The cold body 
radiates to the surroundings, but the surroundings also radiate 
to the body, and much faster because of their higher tempera- 
ture. Hence the body receives more heat than it loses. Its 
temperature rises, while that of the surroundings falls, until the 
two are equal. Both then radiate at the same rate. 

Consider two bodies A and B, Figure 50, in an enclosure 
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whose walls are perfectly reflecting. Then all the radiation of 
each body falls eventually either upon itself or upon the other 
body, and both will finally assume the same temperature. Let 
us suppose that A was originally at a white heat, B at a red heat. 
Then after equalization both may be at a yellow heat. Are we 
to suppose, that now that the two are at the same temperature, 
they have ceased to radiate, and that if we could peek into the 
enclosure, as through a small hole, without disturbing the 
arrangements, we would see nothing ? By no means ! We 
would see two glowing yellow bodies. We arc forced then to 
conclude that at equal temperatures bodies continue to radiate, 
and therefore that they radiate at all temperatures. 

When a body is exposed to radiation, as to that of the sun, its 
temperature rises until the rate at which it loses heat, by re- 


radiation and other means, is 
equal to the rate at which it 
receives heat. Hence a ther- 
mometer set out in the sun will 
rise above the temperature of 
the surroundings ; but the extent 
of this rise depends not only up- 
on the intensity of the radiation, 
but upon the absorbing and 



reflecting power of the thermo- 
meter. It will be quite differ- 


FIG. 50 THE THEORY OF EXCHANGES 


ent with different instruments. 


Even the same instrument exposed to the same radiation will 
show a higher temperature, if the reflecting power of the bulb is 
diminished and its absorbing power increased, by simply black- 
ening it. But the object of a weather thermometer is to 
indicate the air temperature. Hence it should be used in the 
shade, and furthermore the bulb should be protected even from 
such radiations as are present in the shade by a perforated 
metallic screen over it. Readings taken in the sun have no 
meaning, and there is no sense to assertions about how hot it is 
in the sun. 


While the rate at which a body radiates depends only upon 
the nature and temperature of its surface, the rate at which 
heat can be brought up to the surface from the interior depends 
upon the conductivity of the body. If it is a poor conductor, 
heat can only be brought up slowly. Consequently, the surface 
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will be considerably cooler than the interior, and the rate of 
radiation will be low. A steep temperature gradient will be 
required to drive the heat to the surface. That is why a ther- 
mos bottle, though filled with hot liquid, is scarcely warm on 
the outside and cools very slowly. 

The earth itself is a sort of thermos bottle. As we penetrate 
below the surface, we find a steady rise in temperature of about 
one degree Fahrenheit for every sixty feet. At this rate, the 
melting points of the rocks, even allowing for the elevation pro- 
duced by pressure, would be exceeded at a depth of only one 
hundred miles, and at the earth’s center the temperature would 
reach 350,000 degrees Fahrenheit, forty times that of the sun’s 
surface. Hence it was formerly supposed that the earth’s 
interior was molten. But in that case there would be tides in 
this fluid, like those in the ocean, only stronger. There are 
earth tides, but they are extremely minute. For these and 
other reasons, astronomers have come to the conclusion that the 
earth is solid throughout — except for isolated pockets where 
volcanoes occur — and very rigid. It is impossible, therefore, 
that the temperature gradient found near the surface should 
continue with undiminished steepness to the center. And 
there are other reasons why it cannot. The average density of 
the surface rocks is 3.5, that of the earth as a whole is 5.5. 
Hence the density at the center must be greater than at the 
surface, probably twice as great, which is the density of iron. 
And since the earth is magnetic, it is believed that the core is 
mostly iron. Hence as we descend, the materials grow 
heavier, their conductivity increases, and the temperature 
gradient must decrease. The interior is hot, but probably not 
above the melting point of iron at the pressure to which it is 
there subjected. Thus we have a hot, good conducting core, 
surrounded by a layer of poorly conducting material analogous 
to a thermos bottle. 

In 1 862 Lord Kelvin undertook to determine how long it had 
taken the earth to cool down from an originally completely 
molten condition. In his famous paper, “On the Secular 
Cooling of the Earth,” he gave the time as probably one hun- 
dred million years; but on account of great uncertainties in the 
data, he set the rather wide limits of, not more than four 
hundred million nor less than twenty million years. The cal- 
culation was often repeated during the succeeding years, by 
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Kelvin himself and by others, and they came to favor strongly 
the lower limit. Tait even reduced it to ten million years. 
But all this greatly dissatisfied the geologists and biologists, who 
insistently demanded more time for their evolutionary processes. 
Besides they had their own methods of reckoning the age of the 
earth, from the rates of denudation, sedimentation, accumula- 
tion of salt in the ocean, etc., all of which gave much higher 
figures. The physicists looked upon these estimates rather con- 
temptuously, and regarded their own method as the only 
exact and authoritative one. The discovery of radium in 1898, 
however, put an entirely different complexion upon the matter. 
This and other radioactive substances are continually giving off 
heat, and while they occur only in extremely minute quantities, 
yet in the whole crust there is enough of them to supply all the 
heat which comes up from the interior of the earth. The earth 
at present is apparently not cooling at all, and this balance has 
probably existed for a long time past. This is in accord with 
the geological evidence, which does not indicate a hotter and 
hotter earth as we go back in time, but a very long continuance 
of temperature conditions much like the present. 

While radioactivity has thus invalidated all the old estimates 
based on secular cooling, it has fortunately provided a new 
method of measuring geologic time, perhaps more accurate 
than any other. Uranium disintegrates through a long scries 
of intermediate products, including radium, to lead of a par- 
ticular atomic weight. From the ratio of the amount of this 
sort of lead to the uranium in the igneous rocks in which they 
occur, the age of these rocks can be calculated. These esti- 
mates run to one thousand million years and more. Hence the 
claims of the geologists have been more than justified, and the 
physicists are now as generous with their allowances to time as 
they were previously niggardly, and everybody is happy. 




bibliography 


Arrhenius, Svante. — Theories of Chemistry (Longmans, Green and Company, 
1907). Theories concerning hydrates in solutions, Dalton’s law, electrolytic 
conduction. 

Worlds in the Making (Harper and Brothers, 1908). 

BRAGG, Sir William. — Creative Knowledge (Harper and Brothers, 1927). Chap. 
II : “The Trade of the Smith.” 

Bridgman, P. W .—The Physics of High Pressure (The Macmillan Company, 

1930- 

CAJORI, Florian. — A History of Physics in Its Elementary Branches (revised and 
enlarged edition, The Macmillan Company, 1929). 

EDSER, Edwin. — Heat for Advanced Students (Macmillan and Company, London, 

I 9 I 5)* 

Fourier, Joseph.-— The Analytical Theory of Heat , translated by Alexander 
Freeman (Dover reprint, 1955). 

Guericke, Otto von .—Experimenta Nova Magdeburgica De Vacuo Spatio , 1672 
(German translation in Oswald’s Klassiker der exakten Wissenschaften, 
No. 59, 1894). 

JONES, Harry C. — The Modern Theory of Solution (Harper and Brothers, 1899). 
Contains the original memoirs of PfefTer, Van’t Hoff, Arrhenius, and Raoult. 

JONES, Harry C. — The Nature of Solution (D. Van Nostrand Company, 1917)* 

MACH, Ernst. — Principien der Wdrmelehre (Leipzig, 1896). 

Maxwell, J. Clerk.— Theory of Heat (tenth edition, Longmans, Green and 
Company, 1921). 

N ERNST, Walther. — Theoretical Chemistry (revised from the 8th-ioth German 
editions, by L. W. Codd, The Macmillan Company, 1923). 

The New Heat Theorem , Its Foundations in Theory and Experiment , translated 

.from the second German edition by Guy Barr (E. P. Dutton and Company, 
1926). 

Porter, Alfred w .—Thermodynamics (E. P. Dutton and Company, 1931). 

PORTEVIN, A. — “Crystals, Solids and Vitreous Matter,” Scientific American 
Monthly , August, 1921 ; translated from La Revue de I'lngtmeur, Paris, April, 
1921. 

POYNTING, J. H., and THOMSON, Sir J. J.— A Text-Book of Physics , Heat 
(ninth edition, G. B. Lippincott Company, 1928). 

IS7 



Bibliography 


!*8 

ShEARCROFT, W. F. F. — Elementary Heat (Oxford University Press, 1930). 
TAIT, P. G. — Heat (Macmillan and Company, London, 1895). 

Trevor, J. E. — The General Theory of Thermodynamics (Ginn and Company, 

1927)- 

TYNDALL, John. — Fragments of Science (D. Appleton and Company, 1897). 
Vol. I : chapters on Radiation and on Radiant Heat. 



index 


Absolute, pressure, 67; temperature, 
32; zero, 4, 31, 32 
Adhesion, 103, 122 
Age of earth, 1 54 

Air, conductivity of, 134; drying 
power of, 124; hinders evapora- 
tion, 127 

Alloys, expansion of, 20, 24 
Alpha ice, Tamman, 80 
Amalgamation and wetting, 12 1 
Amorphous substances, 56, 58, 1 1 3 
Andrews, Thomas, continuity of 
state, 105; critical isothermal, 
99 ; distinction between vapor 
and gas, 100; experiments on 
carbon dioxide, 96 ff. 

Andrews and Regnault diagrams 
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Arago, deviations from Boyle’s law, 
29 

Arrhenius, Svante, dissociation 
theory, 94; effect of carbon 
dioxide on climate, 149; electro- 
lytic conduction, 93 
Assumptions, concerning perfect gas, 

1 18; concerning temperature, 6 
Atmosphere, evaporation of, 62 ; 
height of, 62; standard, 64; 
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Avogadro’s law, 37; applied to 
molecular weights, 95; applied 
to solutions, 91 

Bacon, Francis, extreme cold burns, 
4; heat an upward motion, 130; 
shaggy substances, 132 
Bernoulli, Daniel, deduces Soylc’s 
law, 59 

Black bulb thermometer, 153 
Black, Joseph, latent heats, 46, 48; 
melting of snows, 49 


Body temperature, dividing line 
between hot and cold, 3 
Boiling, by bumping, 1 16 ; constant 
temperature during, 45; at 
constant volume, 68, 104; at 
freezing point, 65, 67, 77; ordi- 
nary process of, 72, 104; in a 
paper box, 138; quiescent, 1 1 5 ; 
at reduced pressure, 64, 73; by 
volume change, 69 
Boiling points, of aqueous solutions, 
84; dependence on pressure, 64; 
elevatibn of by dissolved sub- 
stances, 85; from osmotic pres- 
sures, 93; of permanent gases, 
100; relation to vapor pressure, 
86 

Boltzman, law of radiation, 1 52 
Boundary of a molecule, 53 
Boyle, Robert, mercury thermometer, 
17 

Boyle’s law, as a first approximation, 
29; deduced by Bernoulli, 59; 
defined , 26; deviations from, 29, 
96; defines a perfect gas, 29; 
applied to solutions, 90; applied 
to vapors, 1 26 

Breakage caused by thermal expan- 
sion, 23 

Bridgman, P. W., five forms of ice, 
81, 109, no; high pressure, 81 
British thermal unit, defined , 40 
Brittle solids, 55; rubber, 81 
Bubbles, formation of, 59, 61, 64, 
86, 1 1 6, 129 

Burn, produced by, cold body, 4; 
frozen mercury. 135; steam, 47 

Cailletet, liquefaction of oxygen, 100 
Caloric, 38 
Calorie, defined , 40 


159 



i6o 


Index 


Capacity, thermal, defined , 39 
Capillary elevation and depression, 
122 

Centigrade thermometer, 8, 18 
Change of state, characteristics of, 
50, 52 ; discontinuities during, 
52; explained by mechanical 
theory of heat, 57; impurities 
hasten, 114; minor, 52; as a 
rearrangement of molecules, 53; 
temperature constant during, 
8, ! 7» 45> 5°; volume changes 
during, 50, 73, 109, no 
Charles’s law, 30 

Clausius, deduces Gay-Lussac’s law, 
59; mechanical theory of heat, 
44; temperature as kinetic 
energy, 59 

Climate, affected, by carbon dioxide, 
149; by water, 42; by water 
vapor, 148 
Clouds, 123 

Coefficient of expansion, of a gas, 
30; linear, defined , 19 
Cohesion, 103, 122 
Cold, burns, 4; is subjective, 4 
Communicating vessels, 38, 41 
Compensated, balance wheel, 22; 
pendulum, 22 

Compensation for thermal expansion, 
21 

Compound interest, 151 
Compression, gas to a density greater 
than the liquid, 99; of molecules, 
28, 53; perfect gas, 26; real 
gases, 28, 96 ff.\ solids and 

liquids, 53 

Condensation, requires nuclei, 1 1 7 ; 
temperature and pressure of, 

67 

Conduction, process explained, 13 1 
Conductivity, of gases, 134, 135; 

liquids, 133; metals, 132; popu- 
lar fallacies, 132, 1 5 1 ; rate of 
radiation affected by, 153; rela- 
tion to transparency, 149; sensa- 
tions of hot and cold depend 
on, 132; table, 133; of vacuum, 
134 

Conservation of energy, 44 
Constant, of Boyle’s law, 27; of 
perfect gas, 37, 1 12 
Constant pressure and volume lines, 
33 

Contact resistance, 133, 137 


Continuity of state, 105 
Continuous isothermals, 118 
Contraction, on solidification, 50, 
74; with temperature rise, 20, 

24 

Convection, 130 

Cooling, cup of coffee, 150; by 
dissolving substance, 90; of 
earth, 154; by evaporation, 
60, 61; rate of, Newton’s law, 
1 50 ; of silver teapot, 1 5 1 
Corrections, for thermal expansion, 
19; to reduce thermometer to 
thermodynamic scale, 10 
Critical, pressure and temperature, 
67, 99; tube > io 3J volume, 99 
Critical isothermal, 99 ; passage across 
above the hump region, 104 
Critical point experiment, 101 fif. 
Crystalline solids, 56, 58, 113 
Crystallization, of glass, 1 1 5 ; latent 
heat required, 114; spontaneous, 

1 14 

Crystals, thermal expansion, 24 
Cup of coffee, cooling of, 150 

Dalton, John, law of partial pressures, 
128 

Dampness, 122, 125 
Depression of freezing point, by 
dissolved substance, 85, 87, 95; 
limit of, 75; molecular, definedy 
85; molecular weights deter- 
mined by, 95; by pressure, 74, 
80 

Despretz, deviations from Boyle’s 
law, 29 ; undercooling, 1 1 3 
Dew point, 85, 126 
Diamonds, artificial, Moissan, 79 
Differential calorimeter, Joly, 43 
Diffraction, 144 

Diffusion of dissolving substance 
watched, 88 

Discontinuities at change of state, 
52 , 1 13 

Discrimination, power of, 3, 5 
Dissociation theory, Arrhenius, 94 
Dry ice, 79 

Drying power of a gas, 124 
Ductile solids, 55 

Dufour, superheating of liquids, 
1 *5 

Dulong, deviations from Boyle’s law, 
29 



Index 

Earth, age of, 154; interior condition 
of, 154; temperature gradient of, 

15 4 

Einstein, shatters simplicity of nature, 
29 

Elasticity, of form, 54; of molecules, 
53; limit of, 54 

Electric lamps, efficiency of, 147; 
evaporation of filaments, 63 ; 
vacuum, 135 

Electrolytic conduction, 93 
Elevation of boiling point by dis- 
solved substance, 84, 85; mole- 
cular, defined , 86; molecular 

weights determined by, 95 
Emission of radiation, 1 49 
Energy, kinetic, 59; potential, 58 
Equalization of temperature, 38, 127, 

132, 152 

Equation, perfect gas, 36, 112; Van 
der Waals, 1 19 

Equilibrium of states of matter, 61, 
68, 78 

Escape of molecules, from at- 
mosphere, 62; from evaporating 
liquid, 60 

Evaporation, air hinders, 127; of 
atmospheres, 62; of lamp fila- 
ments, 63 ; molecule by molecule, 
129; rate of, 60, 61; of solids, 
63; universal, Zollner, 63; into 
vacuum, 125, 129 
Exchanges, theory of, Provost, 1 52 
Expansion, linear, alloys, 20, 24; 
coefficient defined , 19; compensa- 
tion for, 21; of crystals, 24; 
irregular, 24; negative, 20, 24; 
of solids, 19; unequal in different 
directions, 24 

Expansion, volumetric, of air, 12, 30; 
breakage caused by, 23; of dis- 
solving substance, 88; of gases, 
12, 30; liquids, 25; perfect gas, 
31 ; of solids, 19; on vaporization, 
50; water, irregular, 24 
Expansive force of freezing water, 
74 

Experiment, absorption of sunlight, 
Franklifi, 147; boiling at the 
freezing point, Leslie, 77; critical 
tube, 10 1 jff deep cistern baro- 
meter, 70; diffusion of dissolving 
substance, 88; molten iron, 
Robert Houdin, 135; three 
basins, Locke, 3; uniform con- 
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centration of a solution, Gay- 
Lussac, 88 

Exponential curve, uses of, 151 


Fahrenheit thermometer, 8, 17 
Fallacies, popular, 132, 15 1 
Faraday, boiling points of aqueous 
solutions, 84; liquefaction of 
chlorine, 96 

Fixed points of a thermbmeter, 8, 1 7, 
1 14, 1 16 

Flame, bright part of, 79; a convec- 
tion current, 130; shadow of, 
130 

Florentine thermometer, 16 
Flow of heat, alternating, 139; along 
a bar, 132; compared to flow 
of water, 38; steady, 136 
Fourier, hothouse theory, 148; tem- 
perature waves, 140 
Franklin, absorption of sunlight 
experiment, 147 

Free flights of gas molecules, 105 
Freezing, accompanied by under- 
cooling, 1 14; produced by evapo- 
ration, 61, 77; mixtures, 95 
Freezing points, calculated from 
osmotic pressures, 93; depressed 
by dissolved substances, 85, 87, 
95 ; effects of pressure, 74, 80 
Frequencies, high, 140; of light and 
heat rays compared, 144^. 

Frost line, 78 

Frost on windowpane, 79 


Galilei, Galileo, air thermometer, 13; 

liquid thermometer, 16 
Gas, characteristics of, 57, 59; con- 
stant, 37, 1 12; dense as liquid, 
105; denser than liquid, 99; 
distinguished from vapor, 100; 
drying power of, 124; dryness of, 
124; moist, 124; molecular free 
flights, 105; solidification with- 
out liquefaction, 106; specific 
heats, difference between, 44 
Gases, conductivities, 134; expansion, 
12, 30; high pressure, Amagat, 
101; liquefaction, 96 ff.\ perfect, 

29 > 3 °» 33 > 35 > 37 » ”95 

specific heats, 42; thermal co- 
efficients, 30 
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Gay-Lussac, concentration of a solu- 
tion, uniform, 88 ; temperature of 
steam above a solution, 84 
Gay-Lussac’s law, applied to solu- 
tions, 90; deduced by Clausius, 
59; defined , 30; failure of, 31; 
tests of, 32 
Glaciers, 75, 76 
Glass, 57, 1 15 

Glowing body, temperature of, indi- 
cated by color, 147 
Gradient, earth’s, 154; potential, 
136; temperature and pressure, 
136 

Gram-molecule, defined , 85 

Gridiron pendulum, 22 

Guericke, Otto von, thermometer, 14 

Hailstones, 79 

Halley, mercury thermometer, 17 
Harrison, compensated balance wheel, 
22; gridiron pendulum, 22 
Heat, distinguished from tempera- 
ture, 38; capacity, 39; material 
theory of, 38 ; mechanical theory 
of, 44; pipe, 136; quantity, 38; 
specific, defined , 41 ; spectrum, 
146; storage of, 42; trap, 148; 
units, 39, 40, 41. See also Flow. 
Hero, expansion of air, 12, 30; 

temple trick, 12 

Herschcl, William, heat of spectrum, 
146 

High pressure, Amagat, 1 o 1 ; Bridg- 
man, 81 ; Tamman, 80 
Hot and cold sensations, relative to 
body temperature, 3; depend on 
conductivities, 132 
Hothouse theory, 148 
Hot ice, 83 

Houdin, Robert, experiment with 
molten iron, 135 
Humidity, relative, defined , 125 
Hump region, of Andrews diagram, 
99; of permanent gases, 100; of 
steam, 100 

Hydration, defined , 86 

Ice, alpha, Tamman’s, 80; dry, 79; 
dryness of, 123; five forms, 
Bridgman, 81, 109, no; hot, 
83; salt, 95 

Impurities, promote change of state, 

1 14 


Infra-red rays, 146 

Insulators of heat, 132; air, 134; 

vacuum, 134 
Interference, 44 
Invar, 20 
Ion, 94 

Isothermals, Andrews’s, for carbon 
dioxide, 97; bending of, near 
critical point, 10 1; continuous, 
1 18; defined , 33; discontinuities, 
1 13; extended to solid state, 105; 
James Thomson’s, 1 1 7 ; of per- 
fect gas, 34; on pi diagram, 105; 
Van dcr Waals’s, 1 19 
Isotonic solutions defined , 93 


Joly, on skating, 75; specific heat of 
gas at constant volume, 43 
Joule, mechanical equivalent of heat, 
44 


Kelvin, mechanical equivalent of 
heat, 44; secular cooling of the 
earth, 154. See also Thomson, 
William. 

Kinetic energy, 59 

Kinetic theory of heat, 44; explains 
evaporation, 61 

Latent heat of fusion, 48; crystalliza- 
tion releases, 1 14; dissolving sub- 
stance requires, 90 
Latent heat of vaporization, 46, 59; 
critical point does not require, 
104; explained by mechanical 
theory of heat, 57 ; is recoverable, 
46, 58 ; of various liquids, 47 
Lavoisier, caloric, 38 
Leslie’s experiment, 77 
Light without heat impossible, 148 
Liquefaction of gases, 96 Jf.\ above 
hump region, 104, 115; relation 
to critical temperature, 99 
Liquid, distinguished from gas of 
same density, 105; line, 99 
Liquids, characteristics of, 54, 55; 
distinguished from solids, 54, 
,55: as coolers, 138; pressure 
required, 79; superheating of, 
1 1 5 ; as thermometric substances, 
6/., 16/., 25; viscosity of, 54; 
volatile, 60, 61 
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Locke, John, experiment with three 
basins, 3 

Logarithmic curve, 1 5 1 

Malthus, population increase, 151 
Mariotte’s law, 26 
Maximum vapor pressure, 68 
Maxwell, velocities of gas molecules, 
59 

Mayer, J. R., conservation of energy, 

44 

Measurement, of boiling point of 
solution, 1 16; of specific heat, 41 
Mechanical theory of heat, 44; 
explains change of state and 
latent heat, 57 

Melting, of amorphous substances, 
56; crystalline solids, 56, 58, 
1 13; ice, by pressure, 75; glass, 
57, 1 15; snows, Black, 49 
Metallic thermometer, 23 
Minor changes of state, 52, 55, 56, 

58 

Mixtures, different states of matter, 
67, 124; measurement of specific 
heat by method of, 41 
Model, construction of, 34; defects of, 
1 12; for perfect gas, 35; for 
water, ice and steam, 109 
Moissan, artificial diamonds, 79 
Moist gas, 124 

Molecular, boundaries, 53 ; depression 
of freezing point, 85 ; elevation of 
boiling point, 86; forces, 32, 52, 
53, 122; weights, determination 
of, 95 

Molecules, compression of, 28, 53; 
contact of, 53; elasticity of, 
53; escape of, 60, 62; finite size, 
28, 96, 119; free flights, 105; 
number and size, 29; packing, 
55; rearrangements, 53 

Newton’s law of cooling, 1 50 
Normal and usual, contrasted, 1 1 4, 

1 16 


Opacity, thermal, 143; of gases and 
vapors, 148; relation £o conduc- 
tivity, 149; relation to opacity 
for light, 146; relation to fre- 
quency, 147 
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Osmotic pressure, 89, 93 ; calculation 
of boiling and freezing points 
from, 93 ; compared to gas 
pressure, 91 ; measurement of, 90 

Partial pressures, law of, 1 28 
Perfect gas, 29, 33; constant of, 37, 
1 12; equation, 35, 112, 119; 
expansion, 3 1 ; model for, 35 
Pfeffer, osmotic pressure, 90 
Phase, applied to waves, 1 39 
Physical chemistry born, 94 
Pictet, liquefaction of oxygen, 100 
Plastic, steel, 55; solids, 81 
Plot,/*/, 31 ;pv, 26; vt, 30 
Polarized rays, 144 
Polymerization, defined , 86 
Population increase, Malthus, 151 
Potential energy, 58 
Pressure, absolute and gauge, 67; of 
attenuated gas, 28; boiler, 64, 
67; coefficient of a gas, 30; 
cooker, 64 ; critical, 67, 99 ; effect 
on freezing point, 74, 80; effect 
on boiling point, 64, 67 ; effect on 
volume, 26; of gas, due to 
impacts, 28, 59; gradient, 136; 
of saturated vapor, 68 ; zerr 32 
Prcvost, theory of exchanges, 1 52 

Quantity of heat, 38, 39 

Radiation, diffraction of, 144; emis- 
sion of, 149; frequencies, 144; 
of heat and light compared, 
143; interference, 144; polariza- 
tion, 144; rate of, 152; velocity 
o( propagation, 143, 144. See 
also Cooling. 

Radioactivity, age of rocks, 155 
Radio waves and conductivity, 149 
Rain making, 1 17 

Raoult, boiling and freezing points 
of solutions, 85^. 

Reaumur thermometer, 18 
Recalcscence, 24, ^2 
Regelation, 75 

Regnault, deviations from Boyle's 
law, 29, 96; gas thermometry, 
32; specific heat of gases, 42; 
steam line, 66; tests of Gay- 
Lussac’s law, 32; test of law of 
partial pressures, 128 
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Regnault and Andrews diagrams 
compared, 108 
Relative humidity, 125 
Resistance to heat flow, 136 
Rigidity, of earth, 154; of solids, 54 
Rowland, mechanical equivalent of 
heat, 44 

Salt ice, 95 

Saturated vapor, 60, 68, 70, 124, 
125 

Scales, thcrmometric, comparable 
and reproducible, 17; compari- 
son of, 18; gas, 10; mercury in 
glass, 9, 17; thermodynamic, 10; 
Von Guericke’s, 15 
Seasons reversed below ground, 141 
Semipermeable membrane, defined , 
89 

Sensation, discrimination, 4, 5; thres- 
hold, 5; Weber’s law, 4 
Sensations of hot and cold, 3, 4, 132 
Sensitiveness of thermometers, 17 
Shadow of a flame, 130 
Silver teapot, cooling of, 151 
Simplicity of nature shattered, 29 
Skating, and slipperiness of ice, 75 
Snowflakes, 79 

Solidification, of gas without lique- 
faction, 106; with molecules in 
place, 1 1 5 ; volume changes 
during, 50, 78, 105, 107, 110. 
See also Freezing. 

Solids, amorphous and crystalline, 

56, 58, 1 13; brittle, ductile, and 
plastic, 55; characteristics of, 
53 Jf . ; distinguished from liquids, 
55; evaporation of, 63; glassy, 

57, 1 15; research on, 119 
Solution, compared to fusion, 90; 

process of, 87, 88; latent heat 
absorbed, 90; steam line of, 
86 

Solutions, boiling points, 84 Jf . ; 
concentration uniform, 88; di- 
lute, ideal, 91 ; electric con- 
ductivity of, 93; gas laws applied 
to, 90; isotonic, 93; measure- 
ment of boiling points of, 116; 
supersaturated, 1 1 4 
Specific heat, defined , 41 ; of gases, 
42, 43; of liquids and solids, 41, 
42; measurement of> 41 
Spectrum of sunlight, 145 


Spheroidal state, 135 
Spontaneous crystallization, 114 
Standard atmosphere, 64 
Statistical mechanics, 59 
Steam, critical data, 67, 100; heat- 
ing, 47; hump region for, 100; 
invisible and dry, 123; saturated, 
68, 124, 125; superheated, 68, 
74; temperature of, above a 
solution, 84; volume of, 73, 109; 
wet, 123 

Steam line, Regnault’s, 66; of a 
solution, 86 

Stefan, law of radiation, 132 
Storage of heat, 42 
Story of, cold coflee, 45; cold room, 
38; cold spring water, 142; 
digging tar, 57; hot icc, 83; 
landlady and thermometer, 4; 
professor’s watch, 9; village 
nurse, 5 

Superheated, liquid, 1 1 5 ; vapor, 
68, 74, 126 

Supersaturated, solution, 114; vapor, 
"7 

Table of heat conductivities, 133 
fait, cooling of earth, 155; sensation 
of heat, 132; thermodynamic 
scale, 155 

Tamrnan, alpha ice, 80 
Temperature, absolute, 32; com- 
pensation, 21; condensing, 67; 
constant during change of state, 
45, 50; critical, 67, 99; earth’s 
interior, 154; equalization of, 38, 
127, 132, 152; of glowing body, 
147; gradient, 136; heat dis- 
tinguished from, 38; as kinetic 
energy, 59; of lamp filaments, 
148; of moon, 148; physical 
conception of, 10; of steam above 
a solution, 84; of steam under 
pressure, 65; in sunlight, 140; 
water level compared to, 38; 
waves, 139, 140, 1 41, 15 1 
'Tension, resisted by liquids, 33 
Test, of Hoyle’s law, 29; of Gay- 
Lussac’s law, 32 ; of law of partial 
pressures, 128; of thermometer, 
<>, 9 ' 

Therm, defined , 41 

'Thermal rapacity, defined, 41 ; of 
water, 42, 43 
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Thermometer? alcohol, 16, 17; black 
bulb, 153; construction, 6; cor- 
rections, 9, 10; fixed points, 

8, 17, 1 14, 1 16; Florentine, 16; 
Galileo’s, 13; gas, 10, 13, 32; 
graduation of, 8, 10, 17; mer- 
cury, 17 metallic, 23; 

perfect gas, 33; range, 9; 
scales, comparison of, 18; sensi- 
tiveness, 17; surroundings, tem- 
perature of, not always indicated, 
85, 153 ; testing, 6, 9; Von 

Guericke’s, 14; wet bulb, 84 
Thermos bottle, 12, 134, 150, 151, 
154; earth compared to, 154 
Thermostats, 22 

Thirlorier, liquefaction of carbon 
dioxide, 97 

Thomson, James, isothermals, 1 1 7 
Thomson, William, thermodynamic 
scale, 10. See also Kelvin. 
Threshold of sensations, 5 
'Time reversed, 9 

Torricelli, barometer, 14; vacuum, 
70 

Transmission of radiation, 14b, 149 
'Transparency. See Opacity. 

Triple line, 107 

Triple point, 77, 79; Tamman’s 

new, 81 

Triple points, Bridgman’s new, 81 

Ultra-violet rays, 146 
Undercooling, 1 13; of glass, 115 
Unity, not easy to achieve, 120 
Uranium, shows age of rocks, 155 
Usual and normal, contrasted, 114, 
1 1() 


Vacuum, evaporation into, 125, 129; 
flask, Dewar’s, 134; non-conduc- 
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tor of heat, 134; Torricellian, 
70 

Van der Waals, equation, 1 19 

Van’t Hoff, osmotic and gas pressure, 
91 

Vapor, Boyle’s law applied to, 126; 
gas distinguished from, 100; 
line, 99; saturated, 60, 68; 

superheated, 68, 126. See also 
Steam. 

Vapor pressure, maximum, 70; rela- 
tion to osmotic pressure, 92; of 
a solution, 86, 92; supersatu- 
rated, 1 1 7 

Velocities of gas molecules, 59, 62 

Viscosity, 54, 115; dependence of, on 
temperature, 56; of a solid, 55, 
56 

Volatile liquids, 60, 61 

Volume, change of, during change of 
state, 50, 109, no; critical, 99; 
minimum, of a substance, 28; of 
saturated steam, 50, 73, 109 

Water, as a cooling agent, 42; 
conductivity of, 133; expansion 
of, on freezing, and conse- 
quences, 50; expansion irregular, 
24; expansion on vaporization, 
50, 73, 109; storehouse of heat, 
4' 2 

Water vapor, in the atmosphere, 
124 Jf.\ in a small room, 127 

Waves, temperature, 1 38 j)\, 152 

Weber’s law, 4, 1 5 1 

Wullner, boiling points of solutions, 
8f) 

Zero, pressure, 32; temperature, 4, 

3 1 ’ 3 * 

/ollnei, universal evaporation, 63 
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Combines both history and exposition, provides a broad yet unified and detailed view, with 
constant comparison of classical and modern views on phenomena and theories “A must for 
anyone doing serious study in the physical sciences," JOURNAL OF THE FRANKLIN INSTITUTE. 
“Extraordinary faculty to explain ideas and theories of theoretical physics in the lan- 

guage of daily life." ISIS First part of set covers philosophy of science, drawing upon the 
practice of Newton, Maxwell, Poincare, Einstein, others, discussing modes of thought, experi- 
ment, interpretations of causality, etc. In the second part, 100 pages explain grammar and 
vocabulary of mathematics, with discussions of functions, groups, series, Fourier series, etc. 
The remainder is devoted to concrete, detailed coverage of both classical and quantum 
physics, explaining such topics as analytic mechanics, Hamilton’s principle, wave theory of 
light, electromagnetic waves, groups of transformations, thermodynamics, phase rule, Brownian 
movement, kinetics, special relativity, Planck's original quantum theory, Bohr’s atom, 
Zeeman effect, Broglie’s wave mechanics, Heisenberg’s uncertainty, Eigen values, matrices, 
scores of other important topics Discoveries and theories are covered for such men as Alem- 
bert, Born, Cantor, Debye, Euler, Foucault, Galois, Gauss, Hadamard, Kelvin, Kepler, Laplace, 
Maxwell, Pauli, Rayleigh, Volterra, Weyl, Young, more than 180 others. Indexed. 97 illustra- 
tions. ix + 982pp. 5 j /b x 8. T3 Volume 1, Paperbound $2.00 

T4 Volume 2, Paperbound $2.00 

CONCERNING THE NATURE OF THINGS, Sir William Bragg. Christmas lectures delivered at 
the Royal Society by Nobel laureate. Why a spinning ball travels in a curved track, how 
uranium is transmuted to lead, etc. Partial contents- atoms, gases, liquids, crystals, metal 1 , 
etc. No scientific background needed, wonderful for intelligent child. 32pp of photos, 57 

figures, xii + 232pp. 5 3 /a x 8. T31 Paperbound $1.35 

THE UNIVERSE OF LIGHT, Sir William Bragg. No scientific training needed to read Nobel 

Prize winner's expansion of his Royal Institute Chnstmas Lectures Insight into nature of 

light, methods and philosophy of science. Explains lenses, reflection, color, resonance, 
polarization, x-rays, tne speuium, Newton's work with prisms, Huygens’ with polarization, 
uookes’ with cathode ray, etc Leads into clear ‘tateipent oi 2 major historical theories 
of light, corpuscle and wave Dozens of experiments you can do. 199 illus., including 2 

full-page color plates. 293pp. 5 3 /8 x 8. S538 Paperbound $1.85 



ANALYSIS A DESIGN OF EXPERIMENTS, H. B. Mann. Offers a method for grasping the analysis 
of variance and variance design within a short time. Partial contents: Chi-square distribution 
and analysis of variance distribution, matrices, quadratic forms, likelihood ration tests and 
tests of linear hypotheses, power of analysis, Galois fields, non-orthogonal data, interblock 
estimates, etc. 15pp. of useful tables, x + 195pp. 5 x 7%. S180 Paperbound $1.45 


Numerical analysis, tables 

PRACTICAL ANALYSIS, GRAPHICAL AND NUMERICAL METHODS, F. A. Wilier*. Translated by 
R. T. Beyer. Immensely practical handbook for engineers, showing how to interpolate, use 
various methods of numerical differentiation and integration, determine the roots of a single 
algebraic equation, system of linear equations, use empirical formulas, integrate differential 
equations, etc. Hundreds of shortcuts for arriving at numerical solutions. Special section on 
American calculating machines, by T. W. Simpson. 132 illustrations. 422pp. 5% x 8. 

S273 Pape$ound $2.00 

NUMERICAL SOLUTIONS OF DIFFERENTIAL EQUATIONS, H. Levy & E. A. Baggott. Comprehensive 

collection of methods for solving ordinary differential equations of first and higher order. 

All must pass 2 requirements: easy to grasp and practical, more rapid than school methods. 
Partial contents: graphical integration of differential equations, graphical methods for de- 
tailed solution. Numerical solution. Simultaneous equations and equations of 2nd and higher 
orders. “Should be in the hands of all in research m applied mathematics, teaching," 
NATURE. 21 figures, viii + 238pp. 5Ys x 8. S168 Paperbound $1.75 

NUMERICAL INTEGRATION OF DIFFERENTIAL EQUATIONS, Bennett, Milne & Bateman. Un- 
abridged republication of original monograph prepared for National Research Council. New 

methods of integration of differential equations developed by 3 leading mathematicians: THE 
INTERPOLATIONAL POLYNOMIAL and SUCCESSIVE APPROXIMATIONS by A. A. Bennett; STEP-BY- 
STEP METHODS OF INTEGRATION by W. W. Milne, METHODS FOR PARTIAL DIFFERENTIAL 

EQUATIONS by H. Bateman. Methods for partial differential equations, transition from differ- 
ence equations to differential equations, solution of differential equations to non-integral 
values of a parameter will interest mathematicians and physicists. 288 footnotes, mostly 
bibliographic; 235-item classified bibliography. 108pp. 53/a x 8. S305 Paperbound $1.35 

INTRODUCTION TO RELAXATION METHODS, F. S. Shaw. Fluid mechanics, design of electrical 
networks, forces in structural frameworks, stress distribution, buckling, etc. Solve linear 
simultaneous equations, linear ordinary differential equations, partial differential equations, 
Eigen-value problems by relaxation methods. Detailed examples throughout. Special tables 
for dealing with awkwardly-shaped boundaries. Indexes. 253 diagrams. 72 tables. 400pp. 
5% x 8. S244 Paperbound $2.45 

TABLES OF INDEFINITE INTEGRALS, G. Petit Bois. Comprehensive and accurate, this orderly 
grouping of over 2500 of the most useful indefinite integrals will save you hours of laborious 
mathematical groundwork. After a list of 49 common transformations of integral expressions, 
with a wide variety of examples, the book takes up algebraic functions, irrational monomials, 
products and quotients of binomials, transcendental functions, natural logs, etc. You will 
rarely or never encounter an integral of an algebraic or transcendental function not included 
here; any more comprehensive set of tables costs at least $12 or $15. Index. 2544 integrals, 
xii + 154pp. 6 Vb x 91 / 4 . S225 Paperbound $1.65 

A TABLE OF THE INCOMPLETE ELLIPTIC INTEGRAL OF THE THIRD KIND, R. G. Selfridge, J. E. 
Maxfield. The first complete 6 place tables of values of the incomplete integral of the third 
kind, prepared under the auspices of the Research Department of the U.S. Naval Ordnance 
Test Station. Calculated on an IBM type 704 calculator and thoroughly verified by echo- 
checking and a check integral at the completion of each value of a. Of inestimable value 
in problems where the surface area of geometrical bodies can only be expressed m terms 
of the incomplete integral of the third and lower kinds; problems in aero-, fluid-, and 
thermodynamics involving processes where nonsymmetrical repetitive volumes must be 
determined; various types of seismological problems; problems of magnetic potentials due to 
circular current; etc. Foreword. Acknowledgment. Introduction. Use of table, xiv + 805pp. 
5% x 8%. S501 Clothbound $7.50 

MATHEMATICAL TABLES, H. B. Dwight. Unique for its coverage in one volume of almost every 
function of importance in applied mathematics, engineering, and the physical sciences. 
Three extremely fine tables of the three trig functions and their inverse functions to 
thousandths of radians, natural and common logarithms; squares, cubes; hyperbolic functions 
and the inverse hyperbolic functions, (a J + b') exp. Via; complete elliptic integrals of the 
1st and 2nd kind; sine and cosine integrals; exponential integrals Ei(x) and Ei( — x); binomial 
coefficients; factorials to 250; surface zonal harmonics and first derivatives; Bernoulli and 
Euler numbers and their logs to base of 10; Gamma function; normal probability integral; 
over 60 pages of Bessel functions, the Riemann Zeta function. Each table with formulae 
generally used, sources of more extensive tables, interpolation data, etc. Over half have 
columns of differences, to facilitate interpolation. Introduction. Index, viii + 231pp. 5% x 8. 

S445 Paperbound $1.75 



TABLES OF FUNCTIONS WITH FORMULAE AND CURVES, E. Jahnke & F. Emde. The world's most 
comprehensive l-vo!ume English-text collection of tables, formL.ae, curves of transcendent 
functions. 4th corrected edition, new 76-page section giving tables, formulae for elementary 
functions— not in other English editions. Partial contents: sine, cosine, logarithmic integral; 
factorial function; error integral; theta functions; elliptic integrals, functions; Legendre, 
Bessel, Riemann, Mathieu, hypergeometric functions, etc. Supplementary books. Bibliography. 
Indexed. "Out of the way functions for which we know no other source," SCIENTIFIC COM- 
PUTING SERVICE, Ltd. 212 figures. 400pp. 53/ g x 8. S133 Paperbound $2.00 


JACOBIAN ELLIPTIC FUNCTION TABLES, L. M. Milne-Thomson. An easy to follow, practical 
book which gives not only useful numerical tables, but also a complete elementary sketch 
of the application of elliptic functions. It covers Jacobian elliptic functions and a description 
of their principal properties-, complete elliptic integrals, Fourier series and power series 
expansions; periods, zeros, poles, residues, formulas for special values of the argument; 
transformations, approximations, elliptic integrals, conformal mapping, factorization of cubic 
and quartic polynomials; application to the pendulum problem; etc. Tables and graphs form 
the body of the book: Graph, 5 figure table of the elliptic function sn (u m); cn (u m); 
dn (u m) 8. figure table of complete elliptic integrals K, K', E, E', and the nome q. 7 figure 
table of the Jacobian zeta-function Z(u). 3 figures, xi + 123pp. 5% x 8. 

S194 Paperbound $1.35 


PHYSICS 

General physics 


FOUNDATIONS OF PHYSICS, R. B. Lindsay & H. Margenau. Excellent bridge between semi- 
popular works & technical treatises. A discussion of methods of physical description, con- 
struction of theory; valuable for physicist with elementary calculus who is interested in 
ideas that give meaning to data, tools of modern physics. Contents include symbolism, math- 
ematical equations; space & time foundations of mechanics; probability; physics & con- 
tinue; electron theory; special & general relativity; quantum mechanics; causality. "Thor- 
ough and yet not overdetailed. Unreservedly recommended," NATURE (London). Unabridged, 
corrected edition. List of recommended readings. 35 illustrations, xi + 537pp. 5% x 8. 

S377 Paperbound $2.45 


FUNDAMENTAL FORMULAS OF PHYSICS, ed. by D. H. Menzel. Highly useful, fully inexpensive 
reference and study text, ranging from simple to highly sophisticated operations. Mathematics 
integrated into text— each chapter stands as short textbook of field represented. Vol. 1: 
Statistics, Physical Constants, Special Theory of Relativity, Hydrodynamics, Aerodynamics, 
Boundary Value Problems in Math. Physics; Viscosity, Electromagnetic Theory, etc. Vol. 2: 
Sound, Acoustics, Geometrical Optics, Electron Optics, High-Energy Phenomena, Magnetism, 
Biophysics, much more. Index. Total of 800pp. 5 3 /e x 8. Vol. 1 S595 Paperbound $2.00 

Vol. 2 S596 Paperbound $2.00 


MATHEMATICAL PHYSICS, D. H. Menzel. Thorough one-volume treatment of the mathematical 
techniques vital for classic mechanics, electromagnetic theory, quantum theory, and rela- 
tivity. Written by the Harvard Professor of Astrophysics for junior, senior, and graduate 
courses, it gives clear explanations of all those aspects of function theory, vectors, matrices, 
dyadics, tensors, partial differential equations, etc., necessary for the understanding of the 
various physical theories. Electron theory, relativity, and other topics seldom presented 
appear here in considerable detail Scores of definitions, conversion factors, dimensional 
constants, etc "More detailed than normal for an advanced text . . excellent set of sec- 

tions on Dyadics, Matrices, and Tensors," JOURNAL OF THE FRANKLIN INSTITUTE. Index. 
193 problems, with answers, x + 412pp. 5% x 8. S56 Paperbound $2.00 


THE SCIENTIFIC PAPERS OF J. WILLARD GIBBS. All the published papers of America’s outstand 
ing theoretical scientist (except for "Statistical Mechanics” and "Vector Analysis"). Vol I 
(thermodynamics) contains one of the most brilliant of all 19th-century scientific papers -the 
300-page "On the Equilibrium of Heterogeneous Substances," which founded the science of 
physical chemistry, and clearly stated a number of highly important natural laws for the first 
time; 8 other papers complete the first volume Vcl II includes 2 papers on dynamics, 8 on 
vector analysis and multiple algebra, 5 on the electromagnetic theory of light, and 6 miscella- 
neous papers. Biographical sketch by H. A. Bumstead. Total of xxxvi + 718pp. 5Va x 8%. 

5721 Vol I Paperbound $2.00 

5722 Vol II Paperbound $2.00 

The set $4.00 



Relativity, quantum theory, nuclear physics 

THE PRINCIPLE OF RELATIVITY, A. Einstein, H. Lorentz, M. Minkowski, H. Weyl. These are 
the 11 basic papers that founded the general and special theories of relativity, all trans- 
lated into English. Two papers by Lorentz on the Michelson experiment, electromagnetic 
phenomena. Minkowski’s SPACE & TIME, and Weyl’s GRAVITATION & ELECTRICITY. 7 epoch- 
making papers by Einstein: ELECTROMAGNETICS OF MOVING BODIES, INFLUENCE OF GRAVI- 
TATION IN PROPAGATION OF LIGHT, COSMOLOGICAL CONSIDERATIONS, GENERAL THEORY, and 
3 others. 7 diagrams. Special notes by A. Sommerfeld. 224pp. 5% x 8. 

S81 Paperbound $1.75 

SPACE TIME MATTER, Hermann Weyl. "The standard treatise on the general theory of rela- 
tivity,” (Nature), written by a world-renowned scientist, provides a deep clear discussion of 
the logical coherence of the general theory, with introduction to all the mathematical tools 
needed: Maxwell, analytical geometry, non-Euclidean geometry, tensor calculus, etc. Basis is 
classical space-time, before absorption of relativity. Partial contents.- Euclidean space, 
mathematical form, metrical continuum, relativity of time and space, general theory. 15 dia- 
grams. Bibliography. New preface for this edition, xvm + 330pp. 5 3 /b x 8. • 

S267 Paperbound $1.85 

PRINCIPLES OF QUANTUM MECHANICS, W. V. Houston. Enables student with working knowl- 
edge of elementary mathematical physics to develop facility m use of quantum mechanics, 
understand published work in field. Formulates quantum mechanics in terms of Schroedinger’s 
wave mechanics. Studies evidence for quantum theory, for inadequacy of classical me- 
chanics, 2 postulates of quantum mechanics, numerous important, fruitful applications of 
quantum mechanics in spectroscopy, collision problems, electrons in solids; other topics. 
"One of the most rewarding features ... is the interlacing of problems with text,” Amer. 
J. of Physics. Corrected edition. 21 illus. Index 296pp. 5 % x 8. S524 Paperbound $1.85 

PHYSICAL PRINCIPLES OF THE QUANTUM THEORY, Werner Heisenberg. A Nobel laureate dis- 
cusses quantum theory; Heisenberg’s own work, Compton, Schroedmger, Wilson, Einstein, 
many others. Written for physicists, chemists who are not specialists in quantum theory, 
only elementary formulae are considered in the text; there is a mathematical appendix 
for specialists. Profound without sacrifice of clarity. Translated by C. Eckart, F. Hoyt. 18 
figures. 192pp. 5 3 /a x 8. S113 Paperbound $1.25 

SELECTED PAPERS ON QUANTUM ELECTRODYNAMICS, edited by J. Schwinger. Facsimiles of 
papers which established quantum electrodynamics, from initial successes through today's 
position as part of the larger theory of elementary particles. First book publication in any 
language of these collected papers of Bethe, Bloch, Dirac, Dyson, Fermi, Feynman, Heisen- 
berg, Kusch, Lamb, Oppenheimer, Pauli, Schwinger, Tomonoga, Weisskopf, Wigner, etc. 34 
papers in all, 29 in English, 1 in French, 3 in German, 1 in Italian. Preface and historical 
commentary by the editor, xvii + 423pp. 6V8 x 9 l A. S444 Paperbound $2.45 

THE FUNDAMENTAL PRINCIPLES OF QUANTUM MECHANICS, WITH ELEMENTARY APPLICATIONS, 
E. C. Kemble. An inductive presentation, for the graduate student or specialist in some 
other branch of physics. Assumes some acquaintance with advanced math; apparatus neces- 
sary beyond differential equations and advanced calculus is developed as needed. Although 
a general exposition of principles, hundreds of individual problems are fully treated, with 
applications of theory being interwoven with development of the mathematical structure. 
The author is the Professor of Physics at Haivard Umv. "This excellent book would be of 
great value to every student ... a rigorous and detailed mathematical discussion of all 
of the principal quantum-mechanical methods . . . has succeeded in keeping his presenta- 
tions clear and understandable," Dr. Linus Pauling, J. of the American Chemical Society. 
Appendices: calculus of variations, math, notes, etc. Indexes. 611pp. b 3 b x 8. 

S472 Paperbound $2.95 

ATOMIC SPECTRA AND ATOMIC STRUCTURE, C. Herzberg. Excellent general survey for chemists, 
physicists specializing in other fields Partial contents- simplest line spectra and elements 
of atomic theory, building-up principle and periodic system of elements, hyperfine structure 
of spectral lines, some experiments and applications. Bibliography. 80 figures. Index, xu 
+ 257pp. 5 3 /b x 8. SI 15 Paperbound $1.95 

THE THEORY AND THE PROPERTIES OF METALS AND ALLOYS, N. F. Mott, H. Jones. Quantum 

methods used to develop mathematical models which show interrelationship of basic chem- 
ical phenomena with crystal structure, magnetic susceptibility, electrical, optical properties. 
Examines thermal properties ol crystal lattice, electron motion in applied field, cohesion, 
electrical resistance, noble metals, para-, dia-, and ferromagnetism, etc. "Exposition . . . 
clear . . . mathematical treatment . . simple," Nature. 138 figures. Bibliography. Index, 

xiii + 320pp. 5 3 /8 x 8. S456 Paperbound $1.85 

FOUNDATIONS OF NUCLEAR PHYSIOS, edited by R. T. Beyer. 13 of the most important papers 
on nuclear physics reproduced in facsimile in the original languages of their authors: the 
papers most often cited' in footnotes, bibliographies. Anderson, Curie Joliot, Chadwick, 
Fermi, Lawrence, Cockcroft, Hajn, Yukawa. UNPARALLELED BIBLIOGRAPHY. 122 double- 
columned pages, over 4,000 articles, books classified. 57 figures. 288pp. 6Va x 9»/4. 

S19 Paperbound $1.75 



MESON PHYSICS, R. E. Marshak. Traces the basic theory, and explicity presents results of 
experiments with particular emphasis on theoretical significance. Phenomena involving 
mesons as virtual transitions are avoided, eliminating some of the least satisfactory pre- 
dictions of meson theory. Includes production and study of ^ mesons at nonrelativistic 
nucleon energies, contrasts between n and u mesons, phenomena associated with nuclear 
interaction of w mesons, etc. Presents early evidence for new classes of particles and 
indicates theoretical difficulties created by discovery of heavy mesons and hyperons. Name 
and subject indices. Unabridged reprint, vni + 378pp. 5% x 8. S500 Paperbound $1.95 


See also: STRANGE STORY OF THE QUANTUM, B. Hoffmann; FROM EUCLID TO EDDINGTON, 
E. Whittaker; MATTER AND LIGHT, THE NEW PHYSICS, L. de Broglie; THE EVOLUTION OF 
SCIENTIFIC THOUGHT FROM NEWTON TO EINSTEIN, A. d’Abro; THE RISE OF THE NEW 
PHYSICS, A. d’Abro; THE THEORY OF GROUPS AND QUANTUM MECHANICS, H. Weyl; SUBSTANCE 
AND FUNCTION, & EINSTEIN’S THEORY OF RELATIVITY, E. Cassirer; FUNDAMENTAL FORMULAS 
OF PHYSICS, D. H. Menzel. 


Hydrodynamics 

HYDRODYNAMICS, H. Dryden, F. Murnaghan, Harry Bateman. Published by the National 

Research Council in 1932 this enormous volume offers a complete coverage of classical 
hydrodynamics. Encyclooedic in quality Partial contents physics of fluids, motion, turbulent 
flow, compressible fluids, motion in 1, 2, 3 dimensions; viscous fluids rotating, laminar 
motion, resistance of motion through viscous fluid, eddy viscosity, hydraulic flow in channels 
of various shapes, discharge of gases, flow past obstacles, etc. Bibliography of over 2,900 
items. Indexes. 23 figures. 634pp. 5-Vh x 8. S303 Paperbound $2.75 


A TREATISE ON HYDRODYNAMICS, A. B. Basset. Favorite text on hydrodynamics for 2 genera- 
tions of physicists, hydrodynamical engineers, oceanographers, ship designers, etc. Clear 
enough for the beginning student, and thorough source for graduate students and engineers on 
the work of d'Alembert, Euler, Laplace, Lagrange, Poisson, Green, Clebsch, Stokes, Cauchy, 
Helmholtz, J. J. Thomson, Love, Hicks, Greenhill, Besant, Lamb, etc. Great amount of docu- 
mentation on entire theory of classical hydrodynamics. Vol I: theory of motion of frictionless 
liquids, vortex, and cyclic irrotational motion, etc. 13? exercises Bibliography. 3 Appendixes. 
xii + ?64pp Vol II. motion in viscous liquids, harmonic analysis, theory of tides, etc. 112 
exercises. Bibliography 4 Appendixes, xv + 328pp. Two volume set 5»/ 8 x 8 

S/24 Vol I Paperbound $1.75 
S725 Vol II Paperbound $1.75 
The set $3.50 


HYDRODYNAMICS, Horace Lamb. Internationally famous complete coverage of standard refer- 
ence work on dynamics of liquids & gases. Fundamental theorems, equations, methods, 
solutions, background, for classical hydrodynamics. Chapters include Equations of Motion, 
Integration of Fquations in Special Gases, Irrotational Motion, Motion of Liquid in 2 Dimen- 
sions, Motion of Solids through Liquid-Dynamical Theory, Vortex Motion, Tidal Waves, Surface 
Waves, Waves of Expansion, Viscosity, Rotating Masses of liquids Excellently planned, ar- 
ranged; clear, lucid presentation 6th enlarged, revised edition. Index. Over 900 footnotes, 
mostly bibliographical. 119 figures, xv 4- 738pp. 6V8 x 9 ^ 4 . S256 Paperbound $2.95 


See also: FUNDAMENTAL FORMULAS OF PHYSICS, D. H. Menzel; THEORY OF FLIGHT, R. von 
Mises; FUNDAMENTALS OF HYDRO- AND AEROMECHANICS, L. Prandtl and 0. G. Tietjens; 
APPLIED HYDRO- AND AEROMECHANICS, L. Prandtl and 0. G. Tietjens; HYDRAULICS AND 
ITS APPLICATIONS, A. H. Gibson; FLUID MECHANICS FOR HYDRAULIC ENGINEERS, H. Rouse. 


Acoustics, optics, electromagnetics 


ON THE SENSATIONS OF TONE, Hermann Helmholtz. This is an unmatched coordination of 

such fields as acoustical physics, physiology, experiment, history of music. It covers the 
entire gamut of musical tone Partial contents: relation of musical science to acoustics, 
physical vs. physiological aroustics, composition of vibration, resonance, analysis of tones 
by sympathetic resonance, beats, chords, tonality, consonant chords, discords, progression 
of parts, etc 33 appendixes discuss various aspects of sound, physics, acoustics, music, etc. 
Translated by A. J. Ellis. New introduction by Prof. Henry iMargenau of Yale. 68 figures. 43 
musical passages analyzed. Over 100 tables. Index, xix T- 576pp. 6 Vb x 91 / 4 . 

SI 14 Paperbound $2.95 



THE THEORY OF SQUND, Lord Rayleigh. Most vibrating systems likely to be encountered in 

practice can be tackled successfully by the methods set forth by the great Nobel laureate, 

Lord Rayleigh. Complete coverage of experimental, mathematical aspects of sound theory. 
Partial contents: Harmonic motions, vibrating systems in general, lateral vibrations of bars, 
curved plates or shells, applications of Laplace’s functions to acoustical problems, fluid 
friction, plane vortex-sheet, vibrations of solid bodies, etc. This is the first inexpensive 
edition of this great reference and study work. Bibliography. Historical introduction by R. B. 
Lindsay. Total of 1040pp. 97 figures. 5 3 /e x 8. 

S292, S293, Two volume set, paperbound, $4.00 

THE DYNAMICAL THEORY OF SOUND, H. Lamb. Comprehensive mathematical treatment of the 

physical aspects of sound, covering the theory of vibrations, the general theory of sound, and 

the equations of motion of strings, bars, membranes, pipes, and resonators. Includes chap- 
ters on plane, spherical, and simple harmonic waves, and the Helmholtz Theory of Audition. 
Complete and self-contained development for student and specialist; all fundamental differ- 
ential equations solved completely. Specific mathematical details for such important phenom- 
ena as harmonics, normal modes, forced vibrations of strings, theory of reed pipes, etc. Index. 
Bibliography. 86 diagrams, vin + 307pp. 5 3 /a x 8. S655 Paperbound $1.50 

WAVE PROPAGATION IN PERIODIC STRUCTURES, L. Brillouin. A general method and applica- 
tion to different problems: pure physics, such as scattering of X-rays of crystals, thermal 
vibration in crystal lattices, electronic motion in metals; and also problems of electrical 
engineering. Partial contents*, elastic waves in 1-dimensional lattices of point masses. 
Propagation of waves along 1-dimensional lattices. Energy flow. 2 dimensional, 3 dimensional 
lattices. Mathieu’s equation. Matrices and propagation of waves along an electric line. 
Continuous electric lines. 131 illustrations. Bibliography. Index, xu + 253pp. 5% x 8. 

S34 Paperbound $1.85 

THEORY OF VIBRATIONS, N. W. McLachlan. Based on an exceptionally successful graduate 
course given at Brown University, this discusses linear systems having 1 degree of freedom, 
forced vibrations of simple linear systems, vibration of flexible strings, transverse vibra- 
tions of bars and tubes, transverse vibration of circular plate, sound waves of finite ampli- 
tude, etc. Index. 99 diagrams. 160pp. 5 3 /a x 8. S190 Paperbound $1.35 

LOUD SPEAKERS: THEORY, PERFORMANCE, TESTING AND DESIGN, N. W. McLachlan. Most com- 
prehensive coverage of theory, practice of loud speaker design, testing, classic reference, 
study manual in field First 12 chapters deal with theory, for readers mainly concerned with 
math, aspects, last 7 chapters will interest reader concerned with testing, design. Partial 
contents: principles of sound propagation, fluid pressure on vibrators, theory of movmg- 
coil principle, transients, driving mechanisms, response curves, design of horn type moving 
coil speakers, electrostatic speakers, much more. Appendix Bibliography. Index. 165 illustra- 
tions, charts. 411pp. 5 3 /a x 8. S588 Paperbound $2.25 

MICROWAVE TRANSMISSION, J. S. Slater. First text dealing exclusively with microwaves, 
brings together points of view of field, circuit theory, for graduate student in physics, 
electrical engineering, microwave technician. Offers valuable point of view not in most 

later studies. Uses Maxwell’s equations to study electromagnetic field, important in this 
area. Partial contents: infinite line with distributed parameters, impedance of terminated 
line, plane waves, reflections, wave guides, coaxial line, composite transmission lines, 
impedance matching, etc. Introduction. Index. 76 illus. 319pp. 5 3 /s x 8. 

S564 Paperbound $1.50 

THE ANALYSIS OF SENSATIONS, Ernst Mach. Great study of physiology, psychology of percep- 
tion, shows Mach’s ability to see material freshly, his “incorruptible skepticism and in- 
dependence.” (Einstein) Relation of problems of psychological perception to classical 

physics, supposed dualism of physical and mental, principle of continuity, evolution of 
senses, will as organic manifestation, scores of experiments, observations in optics, acoustics, 
music, graphics, etc. New introduction by F. S. Szasz, M. D. 58 illus. 300-item bibliography. 
Index. 404pp 5 3 /e x 8. S525 Paperbound $1.75 

APPLIED OPTICS AND OPTICAL DESIGN, A. E. Conrady. With publication of vol. 2, standard 
work for designers in optics is now complete for first time. Only work of its kind in English; 
only detailed work for practical designer and self-taught. Requires, for bulk of work, no 
math above trig Step-by-step exposition, from fundamental concepts of geometrical, physical 
optics, to systematic study, design, of almost all types of optical systems. Vol. 1: all ordi- 
nary ray-tracing methods*, primary aberrations; necessary higher aberration for design of 

telescopes, low-power microscopes, photographic equipment. Vol. 2: (Completed from author's 

notes by R. Kingslake, Dir. Optical Design, Eastman Kodak.) Special attention to high-power 
microscope, anastigmatic photographic objectives. “An indispensable work,” J., Optical Soc. 
of Amer. “As a practical guide this book has no rival,” Transactions, Optical Soc. Index. 
Bibliography. 193 diagrams. 852pp. 6Vb x 9Va. Vol. 1 T611 Paperbound $2.95 

Vol. 2 T612 Paperbound $2.95 

THE THEORY OF OPTICS, Paul Drude. One of finest fundamental texts in physical optics, 
classic offers thorough coverage, complete mathematical treatment of basic ideas. Includes 
fullest treatment of application :l of thermodynamics to optics*, sine law in formation of 
images, transparent crystals, magnetically active substances, velocity of light, apertures, 
effects depending upon them, polarization, optical instruments, etc. Introduction by A. A. 
Michelson. Index. 110 illus. 5G7pp. 5 3 /u x 8. S532 Paperbound $2.45 



OPTICKS, Sir Isaac Newton. In its discussions of light, reflection, color, refraction, theories 
of wave and corpuscular theories of light, this work is packed with scores of insights and 
discoveries. In its precise and practical discussion of construction of optical apparatus, 
contemporary understandings of phenomena it is truly fascinating to modern physicists, 
astronomers, mathematicians. Foreword by Albert Einstein. Preface by I. B. Cohen of Har- 
vard University. 7 pages of portraits, facsimile pages, letters, etc. cxvi 4- 414pp. 5-Vh x 8. 

S205 Paperhound $2.00 

OPTICS AND OPTICAL INSTRUMENTS: AN INTRODUCTION WITH SPECIAL REFERENCE TO 
PRACTICAL APPLICATIONS, B. K. Johnson. An invaluable guide to basic practical applications 
of optical principles, which shows how to set up inexpensive working models of each of the 
four main types of optical instruments— telescopes, microscopes, photographic lenses, optical 
projecting systems. Explains in detail the most important experiments for determining their 
accuracy, resolving power, angular field of view, amounts of aberration, all other necessary 
facts about the instruments. Formerly “Practical Optics.” Index. 234 diagrams. Appendix. 
224pp. 5% x 8. S642 Paperbound $1.65 

PRINCIPLES OF PHYSICAL OPTICS, Ernst Mach. This classical examination of the propagation 
of light, color, polarization, etc. offers an historical and philosophical treatment that has 
never been surpassed for breadth and easy readability. Contents: Rectilinear propagation of 
light. Reflection, refraction. Early knowledge of vision. Dioptrics. Composition of light. 
Theory of color and dispersion. Periodicity. Theory of interference. Polarization. Mathematical 
representation of properties of light. Propagation of waves, etc. 279 illustrations, 10 por- 
traits. Appendix. Indexes. 324pp. 5% x 8. S178 Paperbound $1.75 

FUNDAMENTALS OF ELECTRICITY AND MAGNETISM, L. B. Loeb. For students of physics, chem- 
istry, or engineering who want an introduction to electricity and magnetism on a higher level 
and in more detail than general elementary physics texts provide. Only elementary differential 
and integral calculus is assumed. Physical laws developed logically, from magnetism to 
electric currents, Ohm’s law, electrolysis, and on to static electricity, induction, etc. Covers 
an unusual amount of material; one third of book on modern material: solution of wave equa- 
tion, photoelectric and thermionic effects, etc. Complete statement of the various electrical 
systems of units and interrelations. 2 Indexes. 75 pages of problems with answers stated. 
Over 300 figures and diagrams, xix + 669pp. 5% x 8. S745 Paperbound $2.75 

THE ELECTROMAGNETIC FIELD, Max Mason & Warren Weaver. Used constantly by graduate 
engineers. Vector methods exclusively- detailed treatment of electrostatics, expansion meth- 
ods, with tables converting any quantity into absolute electromagnetic, absolute electrostatic, 
practical units. Discrete charges, ponderable bodies, Maxwell field equations, etc. Introduc- 
tion. Indexes. 416pp. 5% x 8. S185 Paperbound $2.00 

ELECTRICAL THEORY ON THE GIORGI SYSTEM, P. Cornelius. A new clarification of the funda- 
mental concepts of electricity and magnetism, advocating the convenient m k.s. system of 
units that is steadily gaming followers in the sciences. Illustrating the use and effectiveness 
of his terminology with numerous applications to concrete technical problems, the author 
here expounds the famous Giorgi system of electrical physics. His lucid presentation 

and well-reasoned, cogent argument for the universal adoption of this system form one of 
the finest pieces of scientific exposition in recent years. 28 figures. Index. Conversion tables 
for translating earlier data into modern units. Translated from 3rd Dutch edition by L. J. 
Jolley, x + 187pp. 5V2 X m . S909 Clothbound $6.00 

THEORY OF ELECTRONS AND ITS APPLICATION TO' THE PHENOMENA OF LIGHT AND RADIANT 
HEAT, H. Lorentz. Lectures delivered at Columbia University by Nobel laureate Lorentz. 

Unabridged, they form a historical coverage of the theory of free electrons, motion, 

absorption of heat, Zeeman effect, propagation of light in molecular bodies, inverse Zeeman 
effect, optical phenomena in moving bodies, etc. 109 pages of notes explain the more 

advanced sections. Index. 9 figures. 352pp. 5 3 /s x 8. S173 Paperbound $1.85 

TREATISE ON ELECTRICITY AND MAGNETISM, James Clerk Maxwell. For more than 80 years 
a seemingly inexhaustible source of leads for physicists, mathematicians, engineers. Total 
of 1082pp on such topics as Measurement of Quantities, Electrostatics, Elementary Mathe- 
matical Theory of Electricity, Electrical Work and Energy in a System of Conductors, General 
Theorems, Theory of Electrical Images, Electrolysis, Conduction, Polarization, Dielectrics, 
Resistance, etc. "The greatest mathematical physicist since Newton,” Sir James Jeans. 3rd 
edition. 107 figures, 21 plates. 1082pp. 5 3 /a x 8 S636-7, 2 volume set, paperbound $4.00 

See also: FUNDAMENTAL FORMULAS OF PHYSICS, D. H. Menzel; MATHEMATICAL ANALYSIS OF 
ELECTRICAL & OPTICAL WAVE MOTION, H. Bateman. 


Mechanics, dynamics, thermodynamics, elasticity 

MECHANICS VIA THE CALCULUS, P. W. Norris, W. S. Legge. Covers almost everything, from 
linear motion to vector analysis: equations determining motion, linear methods, compounding 
of simple harmonic motions, Newton’s laws of motion, Ho-oke’s law, the simple pendulum, 
motion of a particle in 1 plane, centers of gravity, virtual work, friction, kinetic energy of 
rotating bodies, equilibrium of strings, hydrostatics, sheering stresses, elasticity, etc. 550 
problems. 3rd revised edition, xii + 367pp. 6x9. S207 Clothbound $3.95 



MECHANICS, J. P. Den Hartog. Already a classic among introductory texts, the M.l.T. profes- 
sor’s lively and discursive presentation is equally valuable os a beginner's text, an engineering 
student’s refresher, or a practicing engineer's reference. Emphasis in this highly readable text 
is on illuminating fundamental principles and showing how they are embodied in a great 
number of real engineering and design problems: trusses, loaded cables, beams, jacks, hoists, 
etc. Provides advanced material on relative motion and gyroscopes not usual in introductory 
texts. "Very thoroughly recommended to all those anxious to improve their real understanding 
of the principles of mechanics.” MECHANICAL WORLD. Index. List of equations. 334 problems, 
all with answers. Over 550 diagrams and drawings, ix + 462pp. 5 3 /b x 8. 

S754 Paperbound $2.0C 

THEORETICAL MECHANICS: AN INTRODUCTION TO MATHEMATICAL PHYSICS, J. S. Ames, F. 0. 
Murnaghan. A mathematically rigorous development of theoretical mechanics for the ad- 
vanced student, with constant practical applications. Used in hundreds of advanced courses. 
An unusually thorough coverage of gyroscopic and baryscopic material, detailed analyses ol 
the Corilis acceleration, applications of Lagrange's equations, motion of the double pen- 
dulum, Hamilton-Jacobi partial differential equations, group velocity and dispersion, etc. 
Special relativity is also included. 159 problems. 44 figures, ix + 462pp. 5% x 8. 

S461 Paperbound $2.00 

THEORETICAL MECHANICS: STATICS AND THE DYNAMICS OF A PARTICLE, W. D. MacMillan. 

Used for over 3 decades as a self-contained and extremely comprehensive advanced under- 
graduate text in mathematical physics, physics, astronomy, and deeper foundations of engi- 
neering. Early sections require only a knowledge of geometry; later, a working knowledge 
of calculus. Hundreds of basic problems, including projectiles to the moon, escape velocity, 
harmonic motion, ballistics, falling bodies, transmission of power, stress and strain, 
elasticity, astronomical problems. 340 practice problems plus many fully worked out examples 
make it possible to test and extend principles developed in the text. 200 figures, xvii + 
430pp. 5% x 8. S467 Paperbound $2.00 

THEORETICAL MECHANICS: THE THEORY OF THE POTENTIAL, W. D. MacMillan. A comprehensive, 
well balanced presentation of potential theory, serving both as an introduction and a refer- 
ence work with regard to specific problems, for physicists and mathematicians. No prior 
knowledge of integral relations is assumed, and all mathematical material is developed as it 
becomes necessary. Includes: Attraction of Finite Bodies. Newtonian Potential Function; 
Vector Fields. Green and Gauss Theorems; Attractions of Surfaces and Lines; Surface Distri- 
bution of Matter; Two-Layer Surfaces; Spherical Harmonics; Ellipsoidal Harmonics; etc. "The 
great number of particular cases . . . should make the book valuable to geophysicists and 
others actively engaged in practical applications of the potential theory,” Review of Scientific 
Instruments. Index. Bibliography, xm + 469pp 541 a x 8. S486 Paperbound $2.25 

THEORETICAL MECHANICS: DYNAMICS OF RIGID BODIES, W. D. MacMillan. Theory of dynamics 
of a rigid body is developed, using both the geometrical and analytical methods of instruc- 
tion. Begins with exposition of algebra of vectors, it goes through momentum principles, 
motion in space, use of differential equations and infinite series to solve more sophisticated 
dynamics problems. Partial contents, moments of inertia, systems of free particles, motion 
parallel to a fixed plane, rolling motion, method of periodic solutions, much more. 82 figs. 
199 problems. Bibliography. Indexes, xii + 476pp. 54 a x 8. S641 Paperbound $2.00 

MATHEMATICAL FOUNDATIONS OF STATISTICAL MECHANICS, A. I. Khinchin. Offering a precise 
and rigorous formulation of problems, this book supplies a thorough and up-to-date exposi- 
tion. It provides analytical tools needed to replace cumbersome concepts, and furnishes 
for the first time a logical step-by-step introduction to the subject. Partial contents: geom- 
etry & kinematics of the phase space, ergodic problem, reduction to theory of probability, 
application of central limit problem, ideal monatomic gas, foundation of thermo-dynamics, 
dispersion and distribution of sum functions. Key to notations. Index, viii + 179pp. 5% x 8. 

S147 Paperbound $1.35 

ELEMENTARY PRINCIPLES IN STATISTICAL MECHANICS, J. W. Gibbs. Last work of the great 
Yale mathematical physicist, still one of the most fundamental treatments available for 

advanced students and workers in the field. Covers the basic principle of conservation of 

probability of phase, theory of errors in the calculated phases of a system, the contribu- 
tions of Clausius, Maxwell, Boltzmann, and Gibbs himself, and much more. Includes valuable 
comparison of statistical mechanics with thermodynamics: Carnot’s cycle, mechanical defini- 
tions of entropy, etc. xvi + 208pp. 5% x 8. S707 Paperbound $1.45 

THE DYNAMICS OF PARTICLES AND OF RIGID, ELASTIC, AND FLUID BODIES; BEING LECTURES 

ON MATHEMATICAL PHYSICS, A. G. Webster. The reissuing of this classic fills the need for 

a comprehensive work on dynamics. A wide range of topics is covered in unusually great 
depth, applying ordinary and partial differential equations. Part I considers laws of motion 
and methods applicable to systems of all sorts; oscillation, resonance, cyclic systems, etc. 
Part 2 is a detailed study of the dynamics of rigid bodies. Part 3 introduces the theory of 
potential; stress and strain, Newtonian potential functions, gyrostatics, wave and vortex 
motion, etc. Further contents: Kinematics of a point; Lagrange’s equations; Hamilton's prin- 
ciple; Systems of vectors; Statics and dynamics of deformable bodies; much more, not easily 
found together in one volume. Ur^bridged reprinting of 2nd edition. 20 pages of notes on 
differential equations and the higher analysis. 203 illustrations. Selected bibliography. Index, 
xi + 588pp. 5% x 8. S522 Paperbound $2.35 



WEIGHT-STRENGTH ANALYSIS OF AIRCRAFT STRUCTURES, F. R. Shanley. Scientifically sound 
methods of analyzing and predicting the structural weight of aircraft and missiles. Deals 
directly with forces and the distances over which they must be transmitted, making it possible 
to develop methods by which the minimum structural weight can be determined for any 
material and conditions of loading. Weight equations for wing and fuselage structures. In- 
cludes author’s original papers on inelastic buckling and creep buckling. "Particularly success- 
ful in presenting his analytical methods for investigating various optimum design principles," 
AERONAUTICAL ENGINEERING REVIEW. Enlarged bibliography. Index. 199 figures, xiv + 404pp. 
5 5 /8 X 8%. S660 Paperbound $2.45 

INTRODUCTION TO THE STATISTICAL DYNAMICS OF AUTOMATIC CONTROL SYSTEMS, V. V. Solo- 
dovnikov. First English publication of text-reference covering important branch of automatic 
control systems— random signals; in its original edition, this was the first comprehensive 
treatment. Examines frequency characteristics, transfer functions, stationary random proc- 
esses, determination of minimum mean-squared error, of transfer function for a finite period 
of observation, much more. Translation edited by J B. Thomas, L. A. Zadeh. Index. Bibliog- 
raphy. Appendix, xxii + 308pp. 5 3 /a x 8. S420 Paperbound $2.25 

TENSORS FOR CIRCUITS, Gabriel Kron. A boldly original method of analysing engineering prob- 
lems, at center of sharp discussion since first introduced, now definitely proved useful in 
such areas as electrical- and structural networks on automatic computers. Encompasses a 
great variety of specific problems by means of a relatively few symbolic equations. "Power 
and flexibility . . . becoming more widely recognized," Nature. Formerly "A Short Course 
in Tensor Analysis.” New introduction by B. Hoffmann. Index. Over 800 diagrams, xix + 
250pp. 53/s x 8. S534 Paperbound $1.85 

OESIGN AND USE OF INSTRUMENTS AND ACCURATE MECHANISM, T. N. Whitehead. For the 

instrument designer, engineer; how to combine necessary mathematical abstractions with 
independent observation of actual facts. Partial contents-, instruments & their parts, theory 
of errors, systematic errors, probability, short period errors, erratic errors, design precision, 
kinematic, semikmematic design, stiffness, planning of an instrument, human factor, etc. 
index. 85 photos, diagrams, xu + 288pp. 5 3 /a x 8. S270 Paperbound $1.95 

APPLIED ELASTICITY, J. Prescott. Provides the engineer with the theory of elasticity usually 
lacking in books on strength of materials, yet concentrates on those portions useful for 
immediate application. Develops every important type of elasticity problem from theoretical 
principles. Covers analysis of stress, relations between stress and strain, the empirical basis 
of elasticity, thin rods under tension or thrust, Saint Venant’s theory, transverse oscillations 
of thin rods, stability of thin plates, cylinders with thin walls, vibrations of rotating disks, 
elastic bodies in contact, etc. "Excellent and important contribution to the subject, not 
merely in the old matter which he has presented in new and refreshing form, but also in the 
many original investigations here published for the first time,” NATURE. Index. 3 Appendixes, 
vi + 672pp. 5 3 /a x 8. S726 Paperbound $2.95 

STRENGTH OF MATERIALS, J. P. Den Hartog. Distinguished text prepared for M.l.T. course, ideal 
as introduction, refresher, reference, or self-study text Full clear treatment of elementary 
material (tension, torsion, bending, compound stresses, deflection of beams, etc.), plus much 
advanced material on engineering methods of great practical value: full treatment of the 
Mohr circle, lucid elementary discussions of the theory of the center of shear and the "Myoso- 
tis" method of calculating beam deflections, reinforced concrete, plastic deformations, photo- 
elasticity, etc. In all sections, both general principles and concrete applications are given. 
Index. 186 figures (160 others in problem section). 350 problems, all with answers. List of 
formulas, viii + 323pp. 5% x 8. S755 Paperbound $1.95 

PHOTOELASTICITY: PRINCIPLES AND METHODS, H. T. Jessop, F. C. Harris. For the engineer, 
for specific problems of stress analysis. Latest time-saving methods of checking calcula- 
tions in 2-dimensional design problems, new techniques for stresses in 3 dimensions, and 
lucid description of optical systems used in practical photoelasticity. Useful suggestions 
and hints based on on-the-job experience included. Partial contents.- strained and stress- 
strain relations, circular disc under thrust along diameter, rectangular block with square 
hole under vertical thrust, simply supported rectangular beam under central concentrated 
load, etc. Theory held to minimum, no advanced mathematical training needed. Index. 164 
illustrations, viii + 184pp. 6Va x 9V 4 . S137 Clothbound $3.75 

MECHANICS OF THE GYROSCOPE, THE DYNAMICS OF ROTATION, R. F. Deimel, Professor of 
Mechanical Engineering at Stevens Institute of Technology. Elementary general treatment 
of dynamics of rotation, with special application of gyroscopic phenomena. No knowledge 
of vectors needed. Velocity of a moving curve, acceleration to a point, general equations of 
motion, gyroscopic horizon, free gyro, motion of discs, the damped gyro, 103 similar 
topics. Exercises. 75 figures. 208pp. 5% x 8. S66 Paperbound $1.65 

S144 Paperbound $1.98 

A TREATISE ON GYROSTATICS AND ROTATIONAL MOTION: THEORY AND APPLICATIONS, Andrew 
Gray. Most detailed, thorough book in English, generally considered definitive study. Many 
problems of all sorts in full detail, or step-by-step summary. Classical problems of Bour, 
Lottner, etc.; later ones of great physical interest. Vibrating systems of gyrostats, earth 
as a top, calculation of path of axis of a top by elliptic integrals, motion of unsymmetrical 
top, much more. Index. 160 illus. 550pp. 5% x 8. S589 Paperbound $2.75 



FUNDAMENTALS OF HYDRO- AND AEROMECHANICS, L. Prandtl and 0. G. Tietjens. The well- 
known standard work based upon Prandtl’s lectures at Goettingen. Wherever possible hydro- 
dynamics theory is referred to practical considerations in hydraulics, with the view of 
unifying theory and experience. Presentation is extremely clear and though primarily physical, 
mathematical proofs are rigorous and use vector analysis to a considerable extent. An 
Enginering Society Monograph, 1934. 186 figures. Index, xvi 4* 270pp. 5% x 8. 

5374 Paperbound f 1.85 

APPLIED HYDRO- AND AEROMECHANICS, L. Prandtl and 0. G. Tietjens. Presents, for the most 
part, methods which will be valuable to engineers. Covers flow in pipes, boundary layers, 
airfoil theory, entry conditions, turbulent flow in pipes, and the boundary layer, determining 
drag from measurements of pressure and velocity, etc. “Will be welcomed by all students 
of aerodynamics," NATURE. Unabridged, unaltered. An Engineering Society Monograph, 1934. 
Index. 226 figures, 28 photographic plates illustrating flow patterns, xvi + 311pp. 5% x 8. 

5375 Paperbound $1.85 

HYDRAULICS AND ITS APPLICATIONS, A. H. Gibson. Excellent comprehensive textbook for the 
student and thorough practical manual for the professional worker, a work of great stature 
in its area. Half the book is devoted to theory and half to applications and practical prob- 
lems met in the field. Covers modes of motion of a fluid, critical velocity, viscous flow, eddy 
formation, Bernoulli’s theorem, flow in converging passages, vortex motion, form of effluent 
streams, notches and weirs, skin friction, losses at valves and elbows, siphons, erosion of 
channels, jet propulsion, waves of oscillation, and over 100 similar topics. Final chapters 
(nearly 400 pages) cover more than 100 kinds of hydraulic machinery: Pelton wheel, speed 
regulators, the hydraulic ram, surge tanks, the scoop wheel, the Venturi meter, etc. A 
special chapter treats methods of testing theoretical hypotheses-, scale models of rivers, 
tidal estuaries, siphon spillways, etc. 5th revised and enlarged (195?) edition. Index. Ap- 
pendix. 427 photographs and diagrams. 95 examples, answers, xv + 8i3pp. 6x9. 

S791 Clothbound $8.00 

FLUID MECHANICS FOR HYDRAULIC ENGINEERS, H. Rouse. Standard work that gives a coherent 
picture of fluid mechanics from the point of view of the hydraulic engineer. Based on courses 
given to civil and mechanical engineering students at Columbia and the California Institute 
of Technology, this work covers every basic principle, method, equation, or theory of 
interest to the hydraulic engineer. Much of the material, diagrams, charts, etc., in this 
self-contained text are not duplicated elsewhere. Covers irrotational motion, conformal map- 
ping, problems m laminar motion, fluid turbulence, flow around immersed bodies, transporta- 
tion of sediment, general charcteristics of wave phenomena, gravity waves in open channels, 
etc. Index. Appendix of physical properties of common fluids. Frontispiece + 245 figures and 
photographs, xvi + 422pp. 5 3 /s x 8. S729 Paperbound $2.25 

THE MEASUREMENT OF POWER SPECTRA FROM THE POINT OF VIEW OF COMMUNICATIONS 
ENGINEERING, R. B. Blackman, J. W. Tukey. This pathfinding work, reprinted from the "Bell 
System Technical Journal," explains various ways of getting practically useful answers in 
the measurement of power spectra, using results from both transmission theory and the 
theory of statistical estimation. Treats: Autocovariance Functions and Power Spectra; Direct 
Analog Computation; Distortion, Noise, Heterodyne Filtering and Pre-whitening; Aliasing; 
Rejection Filtering and Separation; Smoothing and Decimation Procedures; Very Low Fre- 
quencies; Transversal Filtering; much more. An appendix reviews fundamental Fourier tech- 
niques. Index of notation. Glossary of terms. 24 figures. XII tables. Bibliography. General 
index. 192pp. 5Va x 8. S507 Paperbound $1.85 

MICROWAVE TRANSMISSION DESIGN DATA, T. Moreno. Originally classified, now rewritten 
and enlarged (14 new chapters) for public release under auspices of Sperry Corp. Material 
of immediate value or reference use to radio engineers, systems designers, applied physicists, 
etc. Ordinary transmission line theory,- attenuation; capacity; parameters of coaxial lines; 
higher modes; flexible cables; obstacles, discontinuities, and injunctions; tuneable wave 
guide impedance transformers-, effects of temperature and humidity; much more. "Enough 
theoretical discussion is included to allow use of data without previous background," 
Electronics. 324 circuit diagrams, figures, etc. Tables of dielectrics, flexible cable, etc., 
data. Index, lx + 248pp. 53/a x 8. S459 Paperbound $1.50 

GASEOUS CONDUCTORS: THEORY AND ENGINEERING APPLICATIONS, J. D. Cobine. An indis- 
pensable text and reference to gaseous conduction phenomena, with the engineering view- 
point prevailing throughout. Studies the kinetic theory of gases, ionization, emission phe- 
nomena; gas breakdown, spark characteristics, glow, and discharges; engineering applica- 
tions in circuit interrupters, rectifiers, light sources, etc. Separate detailed treatment of 
high pressure arcs (Suits); low pressure arcs (Langmuir and Tonks). Much more. "Well 
organized, clear, straightforward," Tonks, Review of Scientific Instruments. Index. Bibliog- 
raphy. 83 practice problems. 7 appendices. Over 600 figures. 58 tables, xx + 606pp. 
5 % x 8. S442 Paperbound $2.85 

See also: BRIDGES AND THEIR BUILDERS, 0. Steinman, S. R. Watson; A DIDEROT PICTORIAL 
ENCYCLOPEDIA OF TRADES AND INDUSTRY; MATHEMATICS IN ACTION, 0. G. Sutton; THE 
THEORY OF SOUND, Lord Rayleigh; JtAYLEIGH'S PRINCIPLE AND ITS APPLICATION TO ENGI- 
NEERING, G. Temple, W. Bickley; APPLIED OPTICS AND OPTICAL DE.SIGN, A. E. Conrady; 
HYDRODYNAMICS, Dryden, Murnaghan, Bateman; LOUD SPEAKERS, N. W. McLachlan; HIS- 
TORY OF THE THEORY OF ELASTICITY AND OF THE STRENGTH OF MATERIALS, I. Todhunter, 



K. Pearson; THEORY AND OPERATION OF THE SLIDE RULE, J. P. cllis; •DIFFERENTIAL EQUA- 
TIONS FOR ENGINEERS, P. Franklin; MATHEMATICAL METHODS FOR SCIENTISTS AND ENGI- 
NEERS. L. P. Smith; APPLIED MATHEMATICS FOR RADIO AND COMMUNICATIONS ENGINEERS, 
C. E. Smith; MATHEMATICS OF MODERN ENGINEERING, E. G. Keller, R. E. Doherty; THEORY 
OF FUNCTIONS AS APPLIED TO ENGINEERING PROBLEMS, R. Rothe, F. Ollendorff, K. Pohlhausen. 


CHEMISTRY AND PHYSICAL CHEMISTRY 


ORGANIC CHEMISTRY, F. C. Whitmore. The entire subject of organic chemistry for the practic- 
ing chemist and the advanced student Storehouse of facts, theories, processes found else- 
where only in specialized journals. Covers aliphatic compounds (500 pages on the properties 
and synthetic preparation of hydrocarbons, halides, proteins, ketones, etc ), alicyclic com- 
pounds, aromatic compounds, heterocyclic (ompounds, organophosphorus and organometallic 
compounds. , Methods of synthetic preparation analyzed critically throughout. Includes much of 
biochemical interest "The scope of this volume is astonishing, " INDUSTRIAL AND ENGINEER- 
ING CHEMISTRY. 12,000-reference index 23IT-itc n bibliography Total of x -I- 1005pp. 5-Va x 8. 
Two volume set. S700 Vol I Paperbound $2.00 

S701 Vol II Paperbound $2.00 
The set $4.00 

THE PRINCIPLES OF ELECTROCHEMISTRY, D. V W' fifr-.ies. Basic equations for almost every 
subfield of electrochemistry from first pr.ncipu jferrmg at all times to the soundest and 
most recent theories and results, unusually usef, i as text or as reference. Covers coulometers 
and Faraday's Law, electrolytic conductance, the Debye-Hueckel method for the theoretical 
calculation of activity coefficients, concentration cells, standard electrode potentials, thermo- 
dynamic ionization constants, pH, potentiometnc titrations, irreversible phenomena, Planck's 
equation, and much more. "Excellent treatise," AMFRICAN CHEMICAL SOCIETY JOURNAL. 
"Highly recommended," CHEMICAL AND METALLURGICA1 ENGINEERING 2 Indices. Appendix. 
585-item bibliography. 137 figures. 94 tables it 4- 478pp. 5Va x 83/ B 

S52 Paperbound $2.35 

THE CHEMISTRY OF URANIUM: THE ELEMENT, ITS BINARY AND RELATED COMPOUNDS, J. J. Katz 
and E. Rabinowitch. Vast post-World War II collection and correlation of thousands of AEC 
reports and published papers in a useful and easily accessible form, still the most complete 
and up-to-date compilation Treats "dry uranium chemistry," occurrences, preparation, prop- 
erties, simple compounds, isotopic composition, extraction from ores, spectra, alloys, etc Much 
material available only here Index. Thousands of evaluated bibliographical references. 324 
tables, charts, figures, xxi 4- 609pp 51b x 8 S757 Paperbound $2.95 

KINETIC THEORY OF LIQUIDS, J. Frenkel. Regarding the kinetic theory of liquids as a gen- 
eralization and extension of the theory of solid bodies, this volume covers all types of 
arrangements of solids, thermal displacements of atoms, interstitial atoms and ions, 
orientational and rotational motion of molecules, and transition between states of matter. 
Mathematical theory is developed close to the physical subject matter 216 bibliographical 
footnotes. 55 figures, xi 4- 485pp. 5 3 /a x 8 S94 Clothbound $3.95 

S95 Paperbound $2.45 

POLAR MOLECULES, Pieter Debye. This work by Nobel laureate Debye offers a complete guide 
to fundamental electrostatic field relations, polarizability, molecular structure Partial con- 
tents. electric intensity, displacement and force, polarization by orientation, molar polariza- 
tion and molar refraction, halogen-hydrides, polar liquids, ionic saturation, dielectric con- 
stant, etc. Special chapter considers quantum theory Indexed 172pp 5Ve x 8. 

S64 Paperbound $1.50 

ELASTICITY, PLASTICITY AND STRUCTURE OF MATTER, R. Houwink. Standard treatise on 

rheological aspects of different technically important solids such as crystals, resins, textiles, 
rubber, clay, many others. Investigates general laws for deformations; determines divergences 
from these laws for certain substances. Covers general physical and mathematical aspects 
of plasticity, elasticity, viscosity. Detailed examination of deformations, internal structure 
of matter in relation to elastic and plastic behavior, formation of solid matter from a fluid, 
conditions for elastic and plastic behavior of matter. Treats glass, asphalt, gutta percha, 
balata, proteins, baker's dough, lacquers, sulphur, others. 2nd revised, enlarged edition. 

Extensive revised bibliography in over 500 footnotes. Index. Table of symbols. 214 figures, 
xviii 4- 368pp. 6 x 9V4. S385 Paperbound $ 2.45 

THE PHASE RULE AND ITS APPLICATION, Alexander Findlay. Covering chemical phenomena 
of 1, 2, 3, 4, and multiple component systems, this "standard work on the subject" 
(NATURE, London), has been completely revised and brought up to date by A. N. Campbell 
and N. 0. Smith. Brand new material has been added on such matters as binary, tertiary 
liquid equilibria, solid solutions m ternary systems, quinary systems of salts and water. 

Completely revised to triangular coordinates in ternafy systems, clarified graphic repre- 
sentation, solid models, etc. 9th revised edition. Author, subject indexes. 236 figures. 505 

footnotes, mostly bibliographic, xn 4- 494pp. 5 3 /a x 8. S91 Paperbound $ 2.45 



TERNARY SYSTEMS: INTRODUCTION TO THE THEORY OF THREE COMPONENT SYSTEMS, 6. 
Masing. Furnishes detailed discussion of representative types of 3-components systems, both 
in solid models (particularly metallic alloys) .and isothermal models. Discusses iViechanical 
mixture without compounds and without solid solutions; unbroken solid solution series; 
solid solutions with solubility breaks in two binary systems; iron-silicon-aluminum alloys; 
allotroplc forms of iron In ternary system; other topics. Bibliography. Index. 166 illustra- 
tions. 178pp. 5% x 8%. S631 Paperbound $1.45 

THE STORY OF ALCHEMY AND EARLY CHEMISTRY, J. M. Stillman. An authoritative, scholarly 
work, highly readable, of development of chemical knowledge from 4000 B.C. to downfall 
of phlogiston theory in late 18th century. Every important figure, many quotations. Brings 
alive curious, almost incredible history of alchemical beliefs, practices, writings of 
Arabian Prince Oneeyade, Vincent of Beauvais, Geber, Zosimos, Paracelsus, Vitruvius, scores 
more. Studies work, thought of Black, Cavendish, Priestley, Van Helmont, Bergman, Lavoisier, 
Newton, etc. Index. Bibliography. 579pp. 5% x 8. S628 Paperbound $2.45 

See also: ATOMIC SPECTRA AND ATOMIC STRUCTURE, G. Herzberg; INVESTIGATIONS ON THE 
THEORY OF THE BROWNIAN MOVEMENT, A. Einstein; TREATISE ON THERMODYNAMICS, M. Planck. 


ASTRONOMY AND ASTROPOTCS 

AN ELEMENTARY SURVEY OF CELE^Jl' MECHANICS, Y. Ryabov. Elementary exposition of 
gravitational theory and celestial mechanics. Historical introduction and coverage of basic 
principles, including: the elliptic, the orbital plane, the 2- and 3 body problems, the dis- 
covery of Neptune, planetary rotation, the length of the day, the shapes of galaxies, satel- 
lites (detailed treatment of Sputnik I), etc. First American reprinting of successful Russian 
popular exposition. Elementary algebra and trigonometry helpful, but not necessary; presenta- 
tion chiefly verbal. Appendix of theorem proofs. 58 figures. 165pp. 5¥a x 8. 

T756 Paperbound $1.25 

THE SKY AND ITS MYSTERIES, E. A. Beet. One of most lucid books on mysteries of universe; 
deals with astronomy from earliest observations to latest theories of expansion of universe, 
source of stellar energy, birth of planets, origin of moon craters, possibility of life on 
other planets. Discusses effects of sunspots on weather; distances, ages of several stars; 
master plan of universe; methods and tools of astronomers; much more. “Eminently readable 
book,” London Times. Extensive bibliography. Over 50 diagrams. 12 full-page plates, fold-out 
star map. Introduction. Index, 238pp. 5V* x 71/2. T627 Clothbound $3.00 

THE REALM OF THE NEBULAE, E. Hubb ?. f ,e of the great astronomers of our time records 
his formulation of the concept of “i* in» Uiiiv®ses,” and its impact on astronomy. Such 
topics are covered as the velocity-disk ,e . elat. n ; classification, nature, distances, general 
field of nebulae; cosmological theories; nebulae m the neighborhood of the Milky Way. 39 
photos of nebulae, nebulae clusters, spectra of nebulae, and velocity distance relations 
shown by spectrum comparison. “One of the most progressive lines of astronomical re- 
search,” The Times (London). New introduction by A. Sandage. 55 illustrations. Index, iv + 
201pp. 5% x 8. S455 Paperbound $1.50 

OUT OF THE SKY, H. H. Nininger. A. non-techniral but comprehensive introduction to “me- 
teoritics”, the young science concerned with all aspects of the arrival of matter from 
outer space. Written by one of the world's experts on meteorites, this work shows how, 
despite difficulties of observation and sparseness of data, a considerable body of knowledge 
has arisen. It defines meteors and meteorites; studies fireball clusters and processions, 
meteorite composition, size, distribution, showers, explosions, origins, craters, and much 
more. A true connecting link between astronomy and geology. More than 175 photos, 22 other 
illustrations. References. Bibliography of author's publications on meteorites. Index, viii + 
336pp. 5% x 8. T519 Paperbound $1.85 

SATELLITES AND SCIENTIFIC RESEARCH, D. Kir s -i ele. Non-technical account of the manmade 
satellites and the discoveries they have yieldeo up to the spring of 1959. Brings together 
information hitherto published only in hard-to-get scientific journals. Includes the life history 
of a typical satellite, methods of tracking, new information on the shape of the earth, zones 
of radiation, etc. Ove r 60 diagrams and 6 photographs. Mathematical appendix. Bibliography 
of over 100 items. Index, xii + 180pp. 5 3 /a x 8V2. T703 Clothbound $4.00 

HOW TO MAKE A TELESCOPE, Jean Texereau. Enables the ..lost inexperienced to choose, 
design, and build an f/6 or f/8 Newtonian type reflecting telescope, with an altazimuth 
Couder mounting, suitable for lunar, planetary, and stellar observation. A practical step-by- 
step course covering every operation and every piece of equipment. Basic principles of 
geometric and physical optics are discussed (though unnecessary to construction), and the 
merits of reflectors and refractors compared. A thorough discussion of eyepieces, finders, 
grinding, installation, testing, using the instrument, etc. 241 figures and 38 photos show 
almost every operation and tool, ^otentia' errors are anticipated as much as possible. 
Foreword by A. Couder. Bibliography and sources of supply listing. Index, xiii + 191pp. 
6V4 x 10. T464 Clothbound $3.50 
















( continued from inside front covet) 


Mallei i Mol ion, fames Clerk Maxwell SI 7 5 
Higher Mathematics foi Students of (diemistiy J Physics, f. II' Mellm $2 no 
How I)o ) on l sc a Slide Rule', At thm S. Men ill 60c 
Mathnnalual D\e in sinus, Helen Met nil SI 00 
I'lic Xatme of I ight < (.(dot m Hie Ojien Air, M. Minima! SI OS 
Out of Ihe Sky, //. // Xininget SI «V$ 

Phe Oiigm of Life, A. I. Ojiaim SI 7 5 
S funning lofts and (.\ioscofuc Motion, fohn Pcn\ ^4 on 
A Suivex of Ph\ sn al I heoi\. Max Riant k SI 1 s 
Science and H\ fxdhesis, II. Dominie Si 7 5 
S acme d Method, Ilf nil Pome cue SI A* 

I he Value of Science, Hcnu Poincare SI >5 
I he Dlnlosof)h\ of Sjiait and Into, II Dcuhaibuth s2 00 
' U'fuwioui Social I ife of the Honey Dee, Ronald Ribbands (dot h hound St v, 

An idetnentai \ Suivcs of (.ihstial Mechanics, ) l!\ubov SI 2^ 

S acme, llieoiy, and Man, I Stlnodingti SJ ?5 
(neat Ideas of Modem Malhematn s lag\it Smgh SI 55 
Pdemc nts of Xon-Puc licit an ( .eoineti\ , I) M > Sommeirille SIM) 

Din lost) f)hy and the Physicists, I, S Subbing Si On 
lindges^ I hen Ituilchis,!) /» Sleininaii i S R Watson S'!00 
How To Cdhulaie (hinkls, II. Sticker St 00 
Physics, I'he Pioncei Sc n in t , I II. I a\loi 2 onl si I SI 00 
'Peach )(Htiself Algebm, P Abbott (doth '2 00 
leach ) out self tin' (ah ulus, P ihbolt ( loth s2 00 
Peach ) outself Idee tin its, (. II ilnuni (doth S2.t>^* 

Peach ) out self (,c nneti\, P A I bolt 
Peach ) outsell Heat Ingmes, I. dc ^ 

’ leach ) ourself Me c hciiu^* 

Pan h ) ourself the 2** 
leach ) ** 

How to M 
horn I u< lid to I (1 


He, 

no 


Availabl 
Ilex. Dover'' 

Please inclicaf 
selections each Tv. 
philosophy , etc. 




tgue to Dept. 
S.eet. IS. >. M. IS. K 
. r publishes over 100 new 
, puzzles . art . languages, music. 



Heat and Its 

Mciton Mott-Smith 


Many of the f acts in this h n ok will prob«.:!y con 
the s* idy t,' physics. n J you know, for example, 

V. dugrees Fahrenheit withe*! freezing' Ho vr 
simultaneously? Do you know why a sw. . .id * 
temperature as the warm air ab<we the wate t 

"Heat and !t$ V 1 . • nings covers the theory an 
ing the effdbt of heat on- solids, liquids, and 
measureo, the co.,.ersion of a substance fror 
and cooling; evaporation and its dependence 
on boiling and freezing points, and the th 
(conduction, convection, radiation). Brief ’ 
discoveries in connection with heat ten 
u- these subjects. 

Sim . the topic of heat „annot be completely separated i other aspects of, physics, 
tie reader will .learn a great deal about the properties of matter, the mo . *i nr 
theory, transmission of light, conservation of energy, character, .tics of n> istu- 
composition of the atmosphere, capillary action, thermal expansion, effect' i ex- 
traction and expansion, eia .ticity, humidity, osmotic pressure and other related topic? 

This is one of the t- . elementary introductions to the subject of heat ever writtr . 
Concise but complete, it presents virtually all the essential facts about heat in t 
simple, ' iiLble style that . akes > them entirely comprehensible even to those who 
have nr previous knowledge or ph*ysics. Laymen .will find that this book gives them 
’ first-' ate background to this important topic in physics. 

Unabridged, unaltered republication original edition. Inde... Pib- graf ,y 50 illus 
(rations, x + 165pp. 5% x 8V; T978 Paperbound $1.01 
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THE PAPER is chemically the same quolity as you wc. nnd in bo. : s priced |5 °0 or 
more. It does not discolor or become brittle with age. Not artificially bulkeu, tether; 
this edition is an unabridged 'full-length book, but is still easy to handle. 

THE BINOING: The pigx.> in this book are SEV it n> .ig..-iures, in the method tradition- 
ally used ior the best books. The.se books open flat for easy leading and reference. 
Pages do not drop out, the binding does nttr'crack and split fas is the case with 
many paperbooks held together with glue). 

THE TYPE IS LEARIE: Margins are ample and allow for cloth rebinding. 



